I Cl=_ 



(THRU), 


(NASA CR OR THX OR AD NUMBER) 


(CODE) j 

Z5/ 

:atego/Jyj 


GPO PRICE $ 

CFSTI PRICE(S) $ 

Hard copy (HC) z 7 - & & 

Microfiche (MF)„ og. Ol) 

ff 653 July 65 


S'sEarr*#' wMSFMf/vcraAf , 

6 




u 



7 


THE 


COMPANY 


CODE iDENT. NO. 81205 


DOCUMENT N0...5^J?i^ 2 "} 

TITLE. A SYSTEM STUDY OF _A MANNED ORBITAL TELESCOPE 


MODEL CONTRACT NO. WAS- 1-3968 .. 

issue h 67 1 i ssTFed to " ' " " 


SEE DISTRIBUTION LIMITATIONS PAGE 
PREPARED BY Aerospace Group ; _____ 


APPROVEILBYC : - 

APPROVED BY 

APPROVED BY __ 



SUPERVISED BY 


/J 




David Bogda/of 





NO. 

D2-64o4ft-l 


i 1 TH , 



SH. 

T 

; 


r- \ 1 


Tn 







ACTIVE PAGE RECORD 



PAGE 





















PAGE 















PAGE 


























USE FOR TYPEWRITTEN MATERIAL ONLY 


ABSTRACT 


The broad objective of the overall NASA program of investigation is to establish 
the feasibility of designing, fabricating, launching, and operating a manned 
astronomical observatory. Within this framework the specific objectives of the 
systems study of a Manned Orbital Telescope are to: 

• Investigate the possible operational modes of such an observatory with 
special emphasis on the way in which man will be used to support the 
observatory; 

• Accomplish the necessary engineering studies, analyses, design, and 
planning required to select the best operational mode and observatory 
design; 

• Indicate areas of technology where state-of-the-art advances are necessary 
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L0 INTRODUCTION 


Previous RASA studies have made it apparent that one of the principal reasons for 
developing a manned orbital space station is the opportunity to perform astronomical 
observations of a scope far beyond anything possible from the ground or with unmanned 
systems such as the 0A0. The capabilities of such an orbital observatory, a3 com- 
pared with ground-based telescopes, form an important part of the background of such 
a study. These capabilities are illustrated in Figure 1-1. The main limitation for 
spectrographic, photoelectric, and thermoelectric work is the presence of the at, iob- 
phere which acts as a filter for all but some narrow bands (in the visible and IR 
ranges) in the frequency spectrum to be govered by the MOT. This range has been 
assumed to be from the Lyman limit (912 A) to approximately one millimeter. Astro- 
metric work and planetary photographs in ground-based telescopes are restricted by 
the phenomenon of "seeing”, which limits the average resolution to 1 second of arc 
or slightly better. In the case of the MOT, a performance very nearly approaching 
the full diffraction limit of 0.05 seconds of arc should be attainable. 

RASA has instituted a broad program of investigation into the various problems 
associated with the performance of such observations. To explore experiments pos- 
sible with such an observatory and to define its general design characteristics, a 
study was performed by Dr. L. W. Fredrick of the University of Virginia. In addi- 
tion, a study was undertaken by the J. W. Pecker Division of the American ‘Opt ical 
Company to establish, in a preliminary sense, the design feasibility of the tele- 
scope and a possible design configuration. These studies provided baselines in 
their respective areas for tha present study. 

The broad objective of the overall RASA program of investigation is to establish the 
'feasibility of designing, fabricating, launching, and operating a manned astronomical 
observatory. Within this framework the specific objectives of the systems study of 
a Manned Orbital Telescope are to: 

• Investigate the possible operational modes of such an observatory with 
special emphasis on the way in which man will be U3ed to support the 
observatory; 

• Accomplish the necessary engineering studies, analyses, design, and 
planning required to select the best operational mode and observatory 
design; 

• Indicate areas of technology where state-of-the-art advances are necessary. 
"The study constraints and scope of the work are defined as follows: 

• The telescope aperture is to be 120 inches and diffract ion- limited per- 
formance for the basic optics at the midpoint of the visible light spectrum 
is required; 

e The telescope is to be launched unmanned and is to rendezvous and operate 
In conjunction with the RASA MORL space station as defined by the Douglas 
MORL studies. A circular orbit of 250 N Ml and 23.7* inclination is used; 
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• The scientific studies defined by Dr. Fredrick, with certain noted 
exceptions, are to form a basis for the scientific objectives of the MOT; 

• Three basic inodes of operation of the telescope that were considered sure 
telescope docked and permanently coupled to the MORL, telescope coupled 
to the MORL for experiment setup but decoupled for operation, and tele- 
scope and laboratory completely decoupled; 

• Spec ip 1 attention is to be given to selecting the best mode of operation, 
the role of man, structural configuration, attitude control & stabiliza- 
tion, and the thermal/optical problem; 

• Indication is to be made of the areas where .state-of-the-art advancement 
may be necessary; 

• Sufficient design and operational analysis is to be accomplished to select 
the best mode of operation and to verify the design feasibility of the 
observatory. 

Thf; scientific objectives defined by RASA, and the development of an observational 
plan in sufficient detail to determine the optical system specification and the 
scientific instrumentation necessary to accomplish the program were reviewed. The 
study determined the types of scientific instrumentation, sizes, weights, perform- 
ance, and problem areas. layouts were made to determine an efficient arrangement 
for operating the scientific instruments and the supporting subsystems. This infor- 
mation, together with an analysis of thermal and structural problems, determined the 
basic telescope design. The attitude stability requirements dictated by the preci- 
sion of the experimental data and the methods used in attaining this precision were 
utied in synthesizing the attitude stabilization 8c control system. Three basic modes 
of operation were expanded into eight variants, as shown in Figure 1-2 . These eight 
modes were evaluated against technical risk, operational capability, and MORL inter- 
face constraints and requirements prior to the midterm review. Mode IIB (Floating 
Socket ) and a hybrid of Modes IIIC and IIC were selected for further study during, 
the balance of the program. As a result of the midterm review, in which questions 
were raised concerning the technical risk associated with the floating socket, a 
soft gimbal mode (IC) was developed and substituted for the floating socket. The 
balance of the program was devoted to developing data for the definition and evalu- 
ation of these modes. Design concepts were finalized for these two modes, opera- 
tional descriptions were developed, an evaluation of the attitude stability & control 
problems for the soft gimbal was made, and a final evaluation of these modes was 
performed. 

Throughout the study. General Electric was retained as attitude stability & control 
subcontractor. In addition, the consultant services of Dr. Zdenek Kopai, Chairman 
of the Department of Astronomy of the Ihlversity of Manchester (England) aui 
Dr. James 0. Baker of Harvard College Observatory were utilized in the fields of 
astronomy and optics. 


FIGURE 1-2 

MODES OF OPERATION 
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2.0 SUMMARY 


Frincipal results of the study reported in this document are summarized in the 
following discussion: 

Astronomy and Optics - A review was made c:{* the astronomical studies in and beyond 
the solar system that would be performed by the MOT, which resulted in the con- 
clusion that the advantages to astronomy would be inestimable. This review also 
established the planetary observation requirements in the fields of photography, 
thermoelectric measurements, and high dispersion IR spectroscopy as well as the 
stellar observation requirements in the fields of high and low dispersion spec- 
troscopy, photometry, and photography. 

'the basic optical configuration selected was a Cassegrainian type with two alter- 
nate secondary mirrors and two flat folding mirrors. The two secondary mirrors 
permit operation of the telescope at ef/15 and ef/30. The Ritchey-Chretien 
modification of the pure Cassegrainian system was selected and an f/4 primary 
mirror was recommended. Tolerances for the positioning cf the secondary with 
respect to the primary were computed. Scientific instruments to be used for the 
various experiments were defined and their performance requirements were estab- 
lished. These instruments would be mounted on a large platen in the MOT cabin 
and operated at ef/15 or ef/30 focal ratios. The results of the performance 
study indicated that the observation requirements of the MOT as determined from 
the review of the astronomical studies could be met. However, the telescope 
would not be diffraction limited unless problems of manufacture and control 
of the figure of the primary mirror to X /32 at 5000 1 can be met and an attitude 
stability of 0.01 seconds of arc can be achieved. 

Orarations Analysis - Significant problem areas concerning the role of man in the 
MOT operations were identified to compare the advantages and disadvantages of the 
various operational modes. Further evaluation included the comparison of man’s 
ability to perform the necessary tasks and the comparisons of timeline analyses 
for each of the various inodes. Much data was alsc generated in the area of 
technical risk, operational capability, and constraints on MORL to allow valid 
comparisons. 

These studies narrowed the field of investigation in the latter half of the 
program to Mode HID (a detached mode, capable of docking with MORL, but employ- 
ing a shuttle for normal operations) and Mode 1C (the soft gimbal mode, which is 
a closely-associated mode employing a soft suspension for the telescope gimbal 
axes). Operational descriptions for these modes were developed, together with a 
more detailed timeline analysis. “"Final evaluation of these modes indicated the 
soft gimbal mode to be preferred. Logistic and shuttle requirements were defined. 
The analysis indicated the telescope would be available for observation approxi- 
mately 80 percent of the night hours. 

Configurations - Through successive iterations telescope baseline design was 
developed, which incorporated all the optical elements, scientific instruments, 
and th- associated structural support. Modifications were incorporated to satisfy 
the varying design requirements for the different operational modes considered. 
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rations for the two final modes of operation were 
trur.or.taticn and cabin arrangement for the MOT were 
uch as the support of the primary mirror and the 
str.er.t for the secondaries, were defined in greater 
n problems which could be identified at this level of 
urr.c untable cr beyond feasible engineering solutions. 


Structures ~ The prima 
'■'Structural concepts an 
requirements of struct 
■Stress level. Special 
boost and docking, the 
the primary mirror cur 


~j structural design was based on the boost condition. 

materials, however, were employed to optimize the four 
irai stiffness, thermal isolation, optical alignment, and 
investigations were made of primary mirror stresses during 
dynamics of the soft gimtal mode, thermal distortions of 
r ; ? creraticn, ar.d meteoroids and radiation. 


Analysis of the prir-ary mirror stresses indicated that large margins of safety 
exist during boost and* in operation. Investigation of the soft gimbal indicated 
that it is a feasible system. Thermal distortions of the primary mirror during 
telescope operation -were analyzed and results indicated the RMS deviations of the 
mirror surface (X /3c. 3 at 5000 A) could be achieved without active control, 
provided certain design ar.d operational features were incorporated. Meteoroid 
damage posed no problem; however, the radiation investigation indicated that 
special precautions must be taken with sensitive film. 

Attitude Stability ar.d Control - -fhe observational requirements were used to 
svnthesize an attitude control system for the MOT. This system makes maximum 
utilization of the experience obtained from the OAO program and the advanced 
concepts resulting from it. 'Stellar reference would be acquired through a 
programmed roll search procedure, zo establish the coarse pointing mode, in 
which attitude reference would be obtained from star trackers, and control 
torques. During coarse, intermediate, and fire pointing, the MOT would be 
controlled by torques generated by control moment gyros. The results of 
fine-pointing sensor study were incorporated into an overall performance evalu- 
ation which included the 'elastic response of the 130T bending modes of vibration. 
The study showed that it would be feasible to stabilize the telescope to within. 
0.01 seconds of arc. examination of the soft gimbal concept indicated pointing 
error of about 0,00) arc seconds greater than the detached mode, indicating a 
high degree of feasibility for this mode. 


Thermal Analysis - Mirror temperature gradients were determined, using computer- 
ized thermal analysis technique, for the finite difference solution of time 
dependent heat transfer problems. Temperature gradients were determined in the 
telescope structure and in the primary and secondary mirrors. Three cases were 
examined; with the telescope axis normal to the solar vector, with the telescope 
axis parallel to the solar vector but pointing away from the Sun, and the tran- 
sient case when the telescope attitude changes from parallel to perpendicular to 
the solar vector. ^Results indicated that no objectionable gradients would occur 
if the telescope doors were closed during the times which the telescope would be 
viewing Sarth. These doers would have to be maintained. in an isothermal environ- 
ment; this would be accomplished by the employment of an earthshade. 


General Conclusions ar.d Recommendations — The general conclusions were that with- 
in the scope of the present investigation, the MCT would be a feasible system, 


6 



D2-34042-1 


the soft gimbal operational concept would be pre 
Special problem would require further investiga 
primary mirror and the investigation of its long 
stability and control, and radiation protection 


i!> ■ ^ *■* Ok 



d, and the following 
manufacture of the 


. stability, attitude 
e more sensitive films. 


The following actions were recommended: More thorough investigation and' 4 

definition of the soft gimbal concept; breadboard fabrication of the fine- 
pointing sensors and control moment gyros; an investigation into problems 
associated with the design and fabrication of a large primary mirror; and 
institution of an intermediate sized telescope program to check out the 
feasibility cf the solutions to the technological problem areas and to 
establish the role of man. 
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3.0 ASTRONOMY & OPTICS 


Astronomical advantages of operating a large telescope in space over similar ground- 
based operations are overwhelming, and are summarized as follows. 


The bulk of astronomical observations have been restricted to the radio window exte; 
ing from a wavelength of 1 cm to a few meters and the optical window from 0.3 JJ to 
1 u . This restriction is due to the absorption of the atmosphere. Many astronomic 
studies involve the detection, identification, determination of the state of excita- 
tion or ionization, and the amounts of the elements constituting a celestial body. 
The state of excitation or ionization results in radiation characteristics observed 
by the astronomer. Figure 3-1 shows that the optical window corresponds to radiatic 
from energy levels of 1 to 10 eV* Many, but not all, of the atomic transitions '“ecu 
in this region. In fact, the resonance lines of the very important elements of V.y* 
drogen and helium are in the far ultraviolet. . On the other side of the optical, win- 
low, the majority of the molecular transitions occur in the infrared. Likewise,, the 
radiation from cool bodies, such as late-type stars, planets, and interstellar dust, 
is in the infrared. The radiation from the ’’hot" stars of the early- type A,-.-B->; andf( 
classifications emit in the ultraviolet, whereas the ’’middle-age" 0 and F type emi|-; 
In the visible. Studies of all of these types are important in confirming the Unffi, 
, theories of the. universe, . i 
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Pe fraction anomalies due to atmospheric turbulence, which are the reason for "bad 
seeing" experienced on the ground, would be absent, a fact which would limit the 
resolution attainable by apaceborne telescopes largely to the quality of their 
optics alone. On the ground, atmospheric conditions prevalent over most sites sel- 
dom allow the diffraction limit to be attained for apertures in excess of 12 to 15 
inches; from space, this limit could pretab 1} be increased at least tenfold. 

The virtual absence of any atmosphere above an orbiting telescope would also reduce 
considerably the residual sky brightness, and thus enable the observer to prolong 
the duration of useful exposures and increase the limiting stellar magnitude record? 
on the plates. The exact amount of the gain arising from this source would depend c 
the mean altitude of the orbiting spacecraft; but it should come close to a factor 
two. Moreover, ndt only would the 3ky background, as seen from the orbiting tele- 
scope, be reduced by a factor of two, but fluctuations in the residual brightness 
(due, on the ground, to scintillation and auroral activities) would he also dimin- 
ished; thus bringing the background noise down to the statistical noise of the 
detectors. 

The absence of gravity aboard an orbiting vehicle would ease the problem of the con- 
trol of the flexure of the optical surface of the primary mirror, as well as of the 
supporting structure designed to keep the entire optical system in alignment. 


3.1 APPROACH 


The approach taken in the MOT feasibility study was to develop very early in the 
program the astronomical observation requirements using the consulting services of 
Dr. Z. Kopal. The requirements were then used es guidelines in developing the tele- 
scope optics and the scientific instruments. As the study progressed, further 
iterations were performed using the works of Cede and Fredrick and the consultant 
services of Dr. J. G. Baker. The object of these Iterations was to arrive at opera- 
tional and performance criteria that were as definitive as possible. 

3*1.1 Selection of Research Studies 

A review of astronomical research studies which either require the advantages of 
space astronomy or could greatly benefit from them indicate that the capabilities of 
the MOT must be very flexible. In addition, the MOT should be prepared to observe 
the unexpected, not only from the aspect of improved resolution, but also from its 
ability to observe all radiants. Many astronomical phenomena may be observed only’ 
from certain Earth-based observatories at present. 

The MOT should be prepared to perform observations that may even appear at present t 
be overlapping those of the 0A0 programs. This would provide a good followup capa- 
bility for studies utilising OAG-acqutred data. 

At present, studies to determine the process of stellar evolution involve the use of 
a theoretical model of the atmospheres surrounding the stars. The early type BO 
stars have their energy peaks in the ultraviolet. The only verification to the theo- 
retical models of these stellar atmospheres has been as the result of measurement of 
the radiation transmitted through the Earth's atmosphere. Figure 3-2 illustrates 
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the small portion of the total radiation that 3s now measurable. Code also states 
that specti’a line profile observations of -homines of the J^.'nan lines and the o lines 
of such elements as NI at 1200 A, 01 at 1302 A,' Cl at lo57 A, and Sil at 2515 A 
should be made for stellar evolution studies. 

Also, spectra studies should be made of the resonance line3 in the ultraviolet of 
hydrogen, helium, carbon, oxygen, and nitrogen. 

On the other end of the spectrum, Code recommends the study of cool stars to obtain 
further data to fit into the stellar evolution puzzle. It is expected that cool 
stars should have an atmosphere containing HgO and/or COg- These would be detected 
by their infrared spectra studies. 

In addition to those already mentioned, galactic nebulae and the stars within the 
nebulae will need further study to understand the evolution of the universe. 

3,1.2 Selection cf Astronomical Observations 


From the observational point of view, priority should be given to those tasks which 
cannot be done from ground-based facilities. Some of these have already been men- 
tioned in Section 3*0, i.e., those tasks which utilize the UV and IR regions of the 
spectrum. This dees not mean that observations at wavelengths which are visible 
from ground should not be included in the MDT observational capability. The advan- 
tage of the MOT in superior resolution, limited by the aperture rather than "seeing", 
would justify including observations in the visual region of the spectrum. 

3.1.3 Operational Criteria 

The operational approach taken may be summarized as follows: 

1) The major instruments will be permanently mounted on a common reference plate. 

2) A change of observing instrument will be made by rotationally indexing a folding 
mirror. 

3) The instrumentation will be arranged to permit observation of the same celestial 
body with different instruments using remote control. 

4) Parametric changes in observations should be remotely controlled. 

1 

5) Critical alignment parameters should be remotely monitored, continuously or at 
will. 

6) Man will not be in the instrumentation cabin during observations. 

3.1.4 Performance Criteria 

The principal technical advantage of the MOT should be the ability to perform at (or 
near) the diffraction limit for sustained periods.. This capability should increase 
the resolving power approximately five to tenfold. Baker suggests a resolution 
threshold of 0.05 arc seconds for the MOT, compared to the best planetary results of 
0.25 to 0.50 arc seconds for a grcund-based telescope. 
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Hot all tasks will require such high resolution. It would be quite superfluous for 
most aspects of nebular photography because of the poor definition of the objects 
themselves, or in some cases of photoelectric photometry of single light sources. 

On the other hand, astrometric or planetary photography and high dispersion spectra 
work require the highest resolution attainable. 


3.2 DISCUSSION OF ASTRONOMICAL STUDIES 


The opportunities for unique contributions to astronomical research, which could not 
be approached at, all from the ground or could be done vastly better from space, 
would tax tc capacity, not one, but several MOT's for many years to come. Limita- 
tions of space allow only a brief outline of tasks be enumerated. These will be 
developed primarily in accordance with the similarity of the objects of study (with 
their increasing distance in space), and secondly with respect to the similarity of 
study techniques. 

3.2.1 Solar System Observations (Planets, Satellites, and Comets) 

The objects of interest in the solar system (excepting, of course, the sun) can be 
classed in two groups; the planets and their satellites, characterized by continuous 
radiation and absorption spectra; and the comets (with weak continua and emission 
spectra). Important tasks to be undertaken by MOT should include lunar and planet- 
ary (high resolution) photography, photometry, and high dispersion spectroscopy. 

Photography - To begin with the nearest natural celestial object, a diffraction- 
limited 120-inch MOT should resolve a linear separation of 93 meters at 5000 A and 
37 meters at 2000 A on the Moon (at its mean distance from the Earth). Of the 
principal planets of .the solar system, only Mercury will be permanently inaccessible 
to the MOT because of its close proximity to the sun. For Venus (observable by MOT 
for seme time around maximum elongation), the theoretical resolution would be 15 Kins 
on its surface in the ultraviolet region, while for Mars, Jupiter, and Saturn, the 
corresponding resolutions at the time of their oppositions are 9» 86 , axw. 176 Kins, 
respectively. Thermal problems rule out the observation of Venus. The extent of 
the limitation on this observation lias not been determined to date. 

Within the above limits, the MOT could be regarded as a very powerful camera for 
investigation of specific details on the surfaces of these celestial bodies. Tran- 
sient diurnal (or seasonal) variations on their surfaces, as well as their atmos- 
pheres (such as cloud formations), could be studied. Planets surrounded by atmos- 
pheres which are optically thick (such as those of Jupiter, Saturn, Uranus, and 
Neptune) could be photographed through narrow-passband filters centered on their 
principal atmospheric absorption bands (NH?, CH^) . This type of data should furnish 
valuable Insight into the stratification of different atmospheric constituents of 
these planets. 

Photometry - One of the most Important tasks In astrophysics of the solar system to 
be observed with the MOT should be photoelectric photometry and polar imetry of the 
pccultations of planetary satellites during the eclipse stage. Unless the planet in 
question (Jupiter, Saturn) happens to be exactly in opposition, the Ingress (or 
egress) of a satellite into (ox from) the planet's shadow will occur at a certain 
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nnr/ular distance fr:r. the planet’ 3 limb. The disappearance (or reappearance) of the 
satellite during such ar. eclipse is not sudden, end is due to increasing extinction 
or illuminator.; sunlight which passes through progressively lower and denser atmos- 
pheric layer, Venn chromatic light curves of such phenomena observed through filters 
centered at the principal atmospheric absorption bands could furnish very important 
data concerning the stratification of different molecules with altitude. Any vari- 
ations in polarization of the reflected sunlight during the ingress or egress stage 
of the eclipse ccuic add important information concerning solid particles (frozen 
crystals) which nay be present at different layers. 

Observational studies cf this type cannot be successfully pursued from ground-based 
facilities, because such photometric measurements would be largely vitiated by the 
bright light cf the nearby planetary disk scattered in the terrestrial atmosphere ; 
nor could they be pursued in space with telescopes of much smaller aperture than 
that of the MOT. ' 

Another task which fells in this category would be thermoelectric photometry of 
planetary or satellite beat radiation in the infrared, which could provide a more 
complete picture cf diurnal as well as seasonal variations of the emitting surface. 
As the actual temperatures are generally low ( < 1*00°K except for Mercury which will 
be inaccessible to M2T), thermal radiation of the planetary surfaces will not begin 
to emerge from the background of scattered sunlight until at wavelengths in excess 
of a few microns. The maxima of the Planckian emission of the surfaces of the 
major planets (from Jupiter to Neptune), or of the lunar night hemisphere, lie be- 
tween 20-30 V's. Radiation at these wavelengths is almost entirely absorbed by 
our atmosphere (cr incompletely transmitted through it in certain relatively narrow 
passbands); so that the MOT should again offer immeasurable advantages over ground- 
based possibilities. Its full aperture would be needed not only to collect enough 
energy to activate the detectors, but also to retain sufficient resolving power, 
since at wavelengths between 20-30 U* e, the Rayleigh diffraction limit would be 
close to 0.03 inch. This would correspond to the diameters of the largest satel- 
lites of Jupiter or Saturn, to half the diameter of Neptune, or to about 1.5 miles 
on lunar ground at its average distance from the Earth. 

Spectroscopy - Tasks in the area of planetary spectroscopy would be confined largely 
to the visible and infrared parts of the spectrum, because relatively little of 
major interest is to be expected in the UV, apart from possible fluorescent bands 
excited by solar activity, or such special problems as the ba ^scattering of tbe 
solar Iyroan a. -radiation on planetary hydrogen "geocorona", in particular of Jupiter 

Infrared spectroscopy should be concerned primarily with molecular bands. These are 
of interest in studies of the reflection spectra of Martian ice caps, with spectro- 
scopic indications of the presence of organic molecules in seasonal spectra of 
Martian dark markings, or with a search for absorption spectra of the molecules of 
free radicals (NH^, CH^, etc.) in the atmospheres of major planets (primarily 
Jupiter), whose Zeeman' splitting could reveal the presence and measure the strength 
of the planetar;.' magnetic fields. 

Cometary Observations - The inability to point the JJOT close to the sun would 
largely restrict its use for the studies of cometary tails because these do not 
fully develop until at relatively short heliocentric distances. However, photomet- 
ric as well as spectroscopic studies of transient phenomena exhibited by cometary 
nuclei and heads at heliocentric distances above about one astronomical unit, should 
receive an appropriate place in the observing program, 
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3.2.2 Stellar Observations 


Photographic - The stellar photography which will be undertaken with the MOT can be 
technically divided into narrow field and wide field photography. Harrow field pho- 
tography will be used largely for astrometric purposes, l.e., to obtain data fcr the 
measurement of stellar parallaxes and proper notions. Sustained investigations of 
the latter may, in turn, lead to discovery of faint companions of nearby stare from 
the nonlinearity of proper motions; or in case of resolvable close binaries, to 
determine che elements of their visual orbits. "Astrometric" binaries known to 
possess invisible companions are listed in Figure 3 - 3 . The orbital period of most 
of the binaries listed is long in comparison to the lifetime of the MOT; hence, 
interest would be centered primarily on the discovery of binary systems of shorter 
periods. The scientific yield is greater when a larger portion of the period is 
observed. In determinations of stellar parallaxes, the fundamental period of obser- 
vation is one year; so that valuable fundamental measurement of the distances of 
nearby stars could be accomplished even if the period of its activity was no longer 
than one year. 

All astrometric work on close binaries, visual or unresolved, will pose certain 
problems which may require special treatment. On the ground, the principal limita- 
tion to resolution of objects, as seen through the atmosphere, is the difference in 
brightness and, by implication of masses, of the two components. In the sense ob- 
servational selection operates strongly against the discovery of pairs in which the 
disparity in mass-ratio Is large. In space, limits of discovery will be clearly 
given only by the resolution of overlapping diffraction patterns of point sources of 
light. For stars differing greatly in brightness, the problem will be to discern 
the first Airy's disk‘d of the image of the weaker source through the diffraction pat- 
tern of the brighter component. Since the scale of the diffraction pattern is a 
linear function of the wavelength (for a given aperture), monochromatic photography 
through suitable filters can be employed to bring out any point of the region sur- 
rounding the bright star in between the latter's consecutive diffraction rings. 
Actually, the detection of faint companions to nearby stars will not come into its 
own until a telescope of the class of the MOT is in operation. 

The measurement of the relative displacements of the position of the components of 
such s stems in the course of time should eventually make it possible to establish 
the elements of their visual orbits, and by combining these with the parallax of the 
system, to determine the absolute masses of such stars. An extension of the mass- 
luminosity relation of such objects to the domain of very faint stars, possible only 
from the work with a space telescope, should constitute an Invaluable contribution 
to astrophysics. 

Another important task using high-resolution large scale photography would be to 
photograph the central portion of globular clusters. The stars in such clusters 
cannot be resolved with ground-based telescopes due to the effects of "seeing." 
High-resolution observations will provide Important data regarding the distribution 
of stars close to the center in dense clusters. An analysis of the spatial distri- 
bution of stars in different magnitude ranges will provide data for the determination 
of stellar masses. Such studies will contribute to understanding cluster dynamics 
and the connection between the formation of such cluster and dwarf galaxies. 

Apart from the astrometric (large scale) photography to provide the basis for Inves- 
tigations outlined in the foregoing paragraphs, many other tasks In stellar astronomy 
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Figure 2 - 3 *• Stairs with Invisible Components of Small Mass 
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^ '-all for the use of wide-angle photography for astrophysical purposes. Special 
^.niques may have to be used outside the atmospheric optical window. The systematic 
search for faint but very hot stars (supernova remnants, blue subdvarfs, or white 
dwarfs) in the UV is an example of such a technique. Another application would be 
the search for nascent cool stars in the IB (the "Hayashi objects”); this search 
could be pursued effectively through the intermediary of an IR image converter or a 
mosaic of IS detectors. 

Photographic search for extended nebula emissions in the light of specific spectral 
lines may require very narrow- pas sband photography, and should represent a field of 
research eminently suitable for IDT. The virtual absence of night-sky emission of 
atmospheric origin should permit recording of much fainter nebular objects than ac- 
cessible from the ground (the only limit, apart from instrumental noise, being 
imposed by the back- scattering of sunlight on interplanetary dust). Moreover, as 
work of this kind does not call for maximum angular resolution, exposures could be 
resumed after successive pericds of daylight and their cumulative total would add 
up to many hours. 

A word of explanation may be in order concerning the focal ratios to be used in such 
work for MOT. As the prime focus of the main mirror is not readily accessible, the 
shorter of the two Cassegrainian foci (i.e., f/l5) would generally be much too slow 
for this type of work. However, this constitutes only an apparent limitation, for 
cne can convert the f/15 focus into much a faster one by purely optical means; namely, 
by collimating the beam of light past the f/l5 focal plane by the use of an auxiliary 
concave mirror and rephotographing the field with the aid of a fas + Schmidt camera 
"se f -number determines the speed of the system. Moreover, the fact that the beam 
H^pted by the Schmidt plate has been collimated permits one to place a narrow- 
p«iaband interfeience filter in this beam. In this way, it should be possible to 
use the 120-inch telescope as a camera with an effective focal ratio of f/l or 
faster with the only penalty being a reduction in angular size of the field of view. 

Fhotoaetric - A large part of routine photometric surveys of the stars in those 
parts of the spectrum which are act accessible from ground are scheduled to be per- 
formed by the CAO before the advent of the MOT. MOT programs should be those which 
could not be undertaken by the 0A0 because of the latter's lack of resolving power 
or programming flexibility. Such programs should embrace photometric observations 
of transient luminous phenomena which occur at particular times, and photometric 
observations of objects requiring high angular resolution for their success. 

A few examples of the first category are rapid variations of light exhibited by 
explosive variables or flare stars, or totally eclipsing systems around the times of 
their second and third contacts of the eclipses. Under the second category, syste- 
matic observations, both photometric and astrometric, of physical variables which 
occur as components of visual binary systems, should be mentioned. In such systems, 
the absolute masses of the variable components could be determined*, providing data 
which are at present lacking. • 

Spectroscopic - Stellar spectroscopy with MOT will give rise to a new set of problems, 
both theoretical and instrumental. With the exception of certain special tasks con- 
cerned with studies of intrinsically faint stars (subdwarfs end white dwarfs, for 
instance, or nova remnants) when low dispersion may be forced upon the user by lack 

• light, it is probable that a large fraction of stellar spectroscopy work will 
i for high dispersion of the order of 5 a / ran, and spectral resolution on the order 
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of 0.01-0.1 A. Not all spectrographic work should, however, call for complete 
coverage of wide spectral regions; for as our knowledge increases, an increasing 
number of problems will require detailed surveys of specific parts of the spectrum, 
and/or of transient phenomena exhibited in them. This- should be true, for example, 
of most phenomena exhibited by variable stars at different phases of their cycles — 
in particular, of the periodic line broadening, reversal from absorption to emission 
or appearance of emission bands in explosive variables. It is also true of the 
"flash spectra" in the hydrogen Balmer or Ionian lines of eclipsing variables just 
before and after a total eclipse of their early-type components. Such phenomena 
can best be recorded by scanning spectrographs with photoelectric registration, or 
tunable Fabry-Ferot etalons. 

3.2.3 Extragalactic Studies 

An important field of studies to be undertaken by MOT should be extragalactic studie; 
to extend the present limits of the observable universe by photography, photometry, 
spectrometry, and polar imetry of the light of distant spiral nebulae and quasi-stell 
radio sources. 

It is probable that, comparison with similar telescopes on ground, MOT should gain 
approximately a factor of +0.7 in limiting magnitude by being above the atmospheric 
extinction, and a further factor of 2.6 magnitude by virtue of better definition of 
the images unimpaired by atmospheric turbulence. The total gain of four magnitude 
should increase the limiting photographic magnitude for detection of faint objects 
in optical frequencies to +27; and for photoelectric detectors (available so far for 
registration of point sources rather than finite areas) this could be further 
increased to +29- 

Under these conditions, direct photography should permit extension of the present 
nebular counts to a distance of a factor of ten greater than attainable by the 120- 
inch telescope of the Lick Observatory (which outperforms the 200-inch telescope at 
Mount Palomar, because of better optics and superior seeing). Low-dispersion spec- 
troscopy, with cumulative exposures over many orbits, should permit the present 
knowledge of tlie nebular red shift versus apparent magnitude to be extended in a 
similar manner. 

Photoelectric photometry, with its linear response, should permit extension of a 
reliable magnitude scale to distant objects; and also the measurement of the extent 
of the general reddening of such objects down to the limiting magnitudes attainable 
with MOT. Such data should represent invaluable observational checks of various 
cosmological models (explosive, evolutionary, steady-state, etc.) which should per- 
mit better discrimination than is now possible from the ground. In doing so, MOT 
should provide a more meaningful idea of the structure, the past as well as the 
future, of the universe. 
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3.3 DEFINITION OF OBSERVATION REQUIREMENTS ■ 


A sunnary of the observational requirements expected frorr. MOT is diagranatically 
given on the accompanying Figures 3 - 4 , 3-5, and 3-6. Figure 3-4 surveys the expected 
capabilities of MOT for the entire field of astronomical studies as regards wave- 
length range, limiting magnitude, and resolution. The requirements have been parti- 
cularized for planetary and stellar observations on Figures 3-5 and 3-6. 


3.U TELESCOPE OPTICS 


This section discusses optical configuration, operational aspects of the telescope, 
full field of view, alignment of the secondary mirror, and focus, presenting the 
recommended systems and the associated requirements. Further details may be obtained 
from Boeing Document D2-84041-1. 

3«4*1 Optical Configuration 

* 

The optical configuration recommended is a Cassegrainian-type with an aperture of 
120 inches. The system consists of a 120- inch primary mirror with two alternate 
secondary mirrors and two flat folding mirrors as shown in Figures 3-7® and 3-7b. 

The two secondary mirrors permit the telescope to be used at two equivalent focal 
ratios, ef/15 and ef/30. 

The two flat folding mirrors result from the packaging requirement of the instrumen- 
tation in the cabin. The folding mirror serves two purposes; for ef/15 operation, 
mirror redirects the light radially at indexed positions to the ef/15 instrumenta- 
tion and the telescope alignment fixture; for ef/30 operation, mirror is used in 
a fixed position and directs the light to mirror M5. Mirror is rotationally 
indexed to direct the light to ef/30 instrumentation. 

3. 4.2 Field of View 


Field of view is the angular subtend of the celestial object. This is an important 
consideration in the MOT program because celestial objects are not all singular point 
sources. They may be an extended continuum or a group of point sources extending 
ever an appreciable angle. 

When extended objects are observed with a pure Ca3segrainian optical system, the off- 
axis portion of the image will be degraded by coma and astigmatism. If the off-axis 
angle is great enough, curvature of field becomes a problem. 

There are a number of modifications that can be made to this system to correct for 
coma and astigmatism. The modification recommended for the MDT is called the Ritchey- 
Chretien design. This design corrects coma, leaving only astigmatism and curvature 
cf field to affect resolution, by making the primary mirror hyperbolic (under- 
corrected) and the secondary mirror more hyperbolic than the pure Cassegrainian 
(over-corrected). Curvature of field may also be corrected or the photographic film 
or plate bent to conform. 
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FIGURE 3-6 

STELLAR OBSERVATION REQ 
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ser/aMcn rro 'Tam call - '- for a field of view of 0.5 degree at ef/l5 and one 
at ef' 30 . Computet icr. of astigmatism as a function cf field angle reveals 
correct lor. lens would be required for the ef /15 operation but not for the 


For this situation where two alternate secondary mirrors are used for the same under- 
corrected primary, it is necessary to make a choice cf which secondary to correct 
for the Ritchey- Chretien design. The ef/15 system has to operate over a much wider 
field; therefore, it should be the Ritchey-Chretien design. The ef /30 system oper- 
ates over such a small field that it will be no problem to correct it by aspherizing 
the secondary. !Io corrector lens vill be required. Details of the optical config- 
uration are listed in Figure 3-6. 

3.4.3 Alignment Tolerances of the Secondary Mirror 

A study vas made to determine the alignment tolerances cf the secondary mirror cf 2 
pure Cassegrainian telescope. These tolerances are a function of the equivalent 
focal ratio, with systems having different primary mirror fecal ratios. The align- 
ment tolerances were determined for systems having primary mirrors with focal ratios 
of f/2, f/3, and f/4, with each of the primary mirrors being used at equivalent 
focal ratios cf ef/8, ef/ 15 , ef/ 30 , and ef/ 60 . The details of this study are re- 
ported in Seeing Document D2-84o4l-l. 

Alignment tolerances were defined as the limit of tilt or lateral displacement of 
the secondary mirror permitted before the transverse aberration becomes equal to the 
diameter of the visual spurious disk, or the limit of resolution. The condition for 
the tolerance cn transverse aberration is given by the formula 

Y K <(ef/n)A 


where Yi^ = transverse aberration 
ef/n = equivalent focal ratio 
\ « wavelength 

The alignment tolerances were determined by evaluating coma and astigmatism as a 
function of alignment error. In geometrically pure systems, the aberration which 
first appears in the off-axis condition is coma. Thi3 is because Inhere is a slight 
variation in the equivalent focal length of various rays throughout the aperture of 
the telescope. This variation is such that the magnification is greater for rays 
through the outer zones than for those through the inner tones. The superposition • 
of the images slightly displaced from the various zones produces the aberration coma. 

The procedure used to determine the alignment tolerances was as follows: 

1) Determine the field angle equivalent to a given tilt of the secondary mirror. 

2) Perform third order aberration computation on the IBM 1620 computer for each 
field angle. 

3) Extract the coma and astigmatism aberrations contributed by the secondary mirror 
from the computer output. 

4) Insert these contributions into the third order off-axis polynominal equations 
to determine the coma and astigmatism as a function of tilt. 
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Coma and astigmatism may be made a function of lateral displacement by the relation- 
ship 

where 6 = linear displacement 

< 0 = tilt angle of the mirror 

Lg « axial distance from the prime focus to the secondary mirror surface 

Figure 3-9 illustrates the definition of alignment and presents the tolerance values 
which resulted from this study. 


FIGURE 3-8 

OPTICAL SYSTEM SPECIFICATIONS 



ef/15 OPERATION 

ef/30 OPERATION 

APERTURE 

120 INCHES 

120 INCHES 

PRIMARY F/NUMBER 

F/4 

F/4 

EF/N (EFFECTIVE) 

EF/15 

EF /30 

PRIMARY-TO- SECONDARY 
DISTANCE 

354 INDIES 

400 INCHES 

BACK FOCAL DISTANCE 

118 INCHES 

193 INCHES 

PLATE SCALE 

4.38 sec/mm 

2.19 SEC/*M 

FIELD OF VIEW 

3.9* (WITHOUT CORRECTOR) 
1/2* (WITH CORRECTOR ) 

2' (WITHOUT CORRECTOR) 

FORMAT 

16 x 16 INCHES 

' 2x2 INCHES 

| 

RESOLUTION 

47 -//MM* 


LIMITING MAGNITUDE 

26 ** 

27 ** 

* > « 5000 A 



**TYPE .103 FILM 




Several considerations should be kept in mind regarding the tolerances presented. . 
It is very unlikely that the tilt error will appear without an error in displacement 
also, as these errors will probably he coupled mechanically. In such a case, it 
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will become necessary to divide the tolerances into those contributed by the two 
parameters. The division of the tolerance should be weighed according to the dif- 
ficulty of sensing and correcting the corresponding parametric error. 

The tolerances presented were determined for pure Cassegrainian systems. In modify- 
ing this system from a pure Cassegrainian to a Ritchey-Chretien, coma has been cor- 
rected. However, this correction is only valid for an aligned system. When the 
secondary mirror is misaligned, coma and astigmatism will appear. Therefore, it is 
recommended that the alignment tolerances determined by coma using the pure Casse- 
grainian system, be used. 

3*^.4 Focus Tolerance 

Focus of astronomical telescopes is not dependent on the object distance as all 
celestial objects epre at infinity focus. However, an out-of-focus condition can 
occur due to a changing of three Initial conditions: the distance between the pri- 

mary and secondary mirror; the mechanical back focal distance; and the equivalent 
focal length due to figure change at the primary mirror. 

An out-of-focus condition produces an aberration similar to spherical aberration. 

The limit of this aberration is put in terms of the longitudinal shift in focus in 
one direction and may be determined by the formula 

Af * * 2 A (ef/n) 2 


where Af’ = shift in focus 

X * wavelength of light 
ef/n * equivalent focal ratio 

One concern of the telescope study Is the amount of longitudinal movement permitted 
for the secondary mirror with respect to the primary mirror. Longitudinal movement 
of the secondary mirror causes the image to move out of focus. The amount the Image 
moves per unit movement of the secondary mirror is a function of the magnification. 

Computations were performed on the IBM 1620 computer where the movement of this image 
was determined as a function of the incremental movements of the secondary mirror. 
Figure 3-10 Illustrates the tolerances. Computations were also performed for equi- 
valent focal ratios of ef/8 and ef/60. In all cases, the computations were performer 
using a primary mirror of f/2 and f/3 as well as f/4. These results and details are 
given in Boeing Document D2>84o4l-l. 


3.5 DEFINITION OF INSTRUMENTATION AND SYSTEMS PERFORMANCE 


Is this section the arrangement and theoretical performance of the scientific 
instruments in the cabin is presented, whereas the functional aspects of the instru- 
mentation are discussed in Section 4.3. In order to cover many observations, the 
classic instruments of astronomy have been considered in this study. No attempt has 
been made to optimise these instruments, but they have been defined sufficiently to 
show feasibility. 
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LCHGITISI^L DISPLACEMENT TOLERANCE OF SECONDARY MIRROR 
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At L at ef/15 = +0.00062 inch 
At-» at ef/30 = +0.00064 inch 
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Fifur^.n 3-lla and 3-11 b illustrate the arrangement of the scientific instrumentation 
in the MOT cabin. The instruments are located at either of two equivalent focal 
ratios, ef /15 and ef /3 

Considerations when determining whether the instrument was to be located at ef/l5 or 
ef /30 were the performance requirement, size and shape, and simplicity of operation. 
Further details of these considerations are presented in Boeing Document D2-8ko4l-l. 

The instruments as shown in Figure 3-11 will perform the following types of observa- 
tions; photography, wide and narrow field, high- and low-dispersion spectroscopy 
covering the spectrum from the ultraviolet into the far infrared, and photometry 
from the ultraviolet into the far infrared. The instrumentation will be discussed 
in this order. 

3.5*1 Photography 

For the purposes of this study, wide angle photography is defined as that requiring 
close to 0. 5-degree field of view. The narrow field photography is defined as that 
with less than 10 minutes. 

A study was made to determine the angular resolution as a function of equivalent 
focal ratios for spectrographic films. Results of this study, as shewn in Figure 
3 - 12 , are useful in comparison of the theoretical resolution to that required for 
different astronomical studies. 

3* 5 .1*1 Wide Angle Photography 

Wide angle photography will be performed at ef/l5. Figure 3-13 contains graphs of 
the telescope camera system modulation transfer functions (MTF) using four types of 
spectrographic film at X = 5000 i. The assumed obscuration ratio is T) = 0.25* 
Optical quality of the telescope system was assumed to have an average modulation 
transmission factor of 0.9. The attitude stability was assumed to be a = +0.01 
arc seconds. Results of the MTF calculations in terms of granularity limited reso- 
lution may be seen by the intersection of the detectivity curve for each of the 
films and the corresponding MTF. 

Results of the MTF computation were used to determine the photographic disk diameter. 
Using the computed diameter, it is possible to determine the limiting stellar magni- 
tude of the telescope with the particular film, using the formula given by Selwyn 

* m sky + 5 log f - 2.5 log d - l6.1 


where m^ = lim:’‘ing detectable stellar magnitude 

n skv * e< l u •stent brightness of sky in magnitude 
S *T * focal length in inches 
d « diameter of the photographic disk in millimeters 

The value used for the sky brightness is m 3 fcy = 23. 75 as given by fYcdrick. 

The limiting magnitude which may be photographed, assuming a maucimum exposure of Uo 
minutes, was determined from the formula referenced by Fredrick and Selwyn 
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FIGURE 3-12 

ANGULAR RESOLUTION AS A FUNCTION OF 
EQUIVALENT FOCAL RATIO FOR SPECTROCRAPHIC FILMS 
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FIGURE 3-13 


MODULATION TRANSFER FUNCTIONS 
FOR SPECTROGRAPH IC FILM AT ef/l 5 
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T 


8(ef/n) g 

antilog 0.4 (m L - pg m L ) 


minutes 


where ef/n * equivalent focal ratio 
*s limiting magnitude 

pgm^ * limiting magnitude desired to photograph 
This formula may be rearranged into the form 


pg®L *= °l ” log 

T 

This formula is based on a fast,, blue-sensitive film; presumably E.K. Type 103. 

Making suitable corrections for different film sensitivities and reciprocity failures, 
the limiting photographic magnitude is computed for two of the speetrographic 

films used for the RTF curve. 


FIGURE 3-14 

LIMITING PHOTOGRAPHIC MAGNITUDE AT ef/l5 


FIIM TYPE 

ONE ORBIT 

T BN ORBITS 

103 

22.8 

23.8 

II 

20.5 

22.1 


The exposure time as a function of magnitude may be determined by 

P - tefr - i f minutes 

antilog 0.4(m L - pg m L - A pg m 8 - A pg »R) 


The results shown in Figures 3**l4 and 3“15 are computations of photographic magnitude 
as a function of total exposure time, assuming 40 minutes of exposure per orbit 

3. 5.1.2 Narrow Field Photography 

Narrow field photography is planned for ef/30. In this section the theoretical per- 
formance that is expected photographically will be presented. Figure 3-16 shows the 
KTF curves of the telescope camera system at ef/30 for the fou r types of spectro- 
graphlc film. 
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FIGURE 3-16 
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MODULATION TRANSFER FUNCTIONS FOR SPECTROGRAFHIC FILM 

AT ef/30 



The results of the MTF curves are again used to determine the photographic disk for 
each type of film and the limiting magnitude computed as before. 

The exposure time as a function of stellar magnitude for two types of film used at 
ef/30 is presented in Figures 3-17 and 3-18. 


FIGURE 3-17 

UMITIRG PHOTOGRAPHIC MAGNITUDE AT ef/30 


FILM TYPE 

ONE ORBIT 

TEN ORBITS 

103 

22.5 

23.8 

11 

20.3 

21.9 
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FIGURE 3-18 LIMITING PHOTOGRAPHIC MAGNITUDE AT ef Ao 
AS A FUNCTION OF EXPOSURE TIME 
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FIGURE 3-19 


LIMITING PHOTOGRAPHIC MAGNITUDE FOR UO-MINVTE EXKSIPE A? A FLUCTICN 
OF EXtUIVALEfTT FOCAL RATIO FOR SPECTRO GRAPHIC FILMS 



Equivalent Focal Ratio 


The performance presented has been for equivalent focal ratios of ef/l5 and ef/30. 

In the process of optical configuration studies, three equivalent focal ratios vere 
considered. In an effort to simplify the optical system, consideration vas given 
to the effect of performing vide angle photography at ef/15 rather than ef/3. The 
effect may be seen by computing resolution and limiting magnitude as a function of 
equivalent focal ratios. Figure 3-12 (presented previously) shoved considerable 
gain in resolution by performing vide angle photography at < f/15 rather than ef/S. 
Nov the results shown in Figure 3-19 indicate there vas negligible loss in the mag- 
nitude star that could be photographed vithln the maximum Lo-minute exposure at 
ef/15 compared to ef/8. Bovever, vhen there Is a closer match betveen the telescope 
resolution and the film resolution, such as vhen using Type V film, the photographic 
speed becomes more significant. 

3. 5*2.1 High-Dispersion Ultraviolet Spectrometer 

The spectrometer shown in Figure 3-20 is in principal recommended by Dr. J. G. Baker. 
Liller also describes Baker’s application of this type of mount using a concave grat- 
ing and a fast Schmidt spectral camera. 

The Instrument consists of a concave reflective grating G used as a collimator for 
the entrance slit Sp, an off-axis paraboloidal collecting mirror M, and the exit 
slit In front of the detector. The concave grating, collecting mirror, slit, and 
detector rotate about the point of Intersection of the 'optical axis and the grating 
normal. Rotation In this manner maintains a stigmatie image. 
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HIGH DISPERSION UV SPECTROMETER 

(900-4500 A) 


D 2 - 81 * 0 '‘ 2 -l 


The operational specifications of the high dis^rsicn IT/ spectrometer may be listed 
gjp as follows; 


Focal Length G = 

Radius of Curvature of Grating * 

Focal Length M = 

Grating & Blaze Wavelength = 

Linear Reciprocal Dispersion At 

With 1200 //mm Grating 
With 600 //mm Grating = 


2k inches 
kb inches 
30 inches o 

1200 //cm; 1200 A, 3000 A 
600 //ran; 1200 X, 3 000 A 
X = 1£00 X X = 3000 X 

10.2 A/mra U.l j/nmT 

20. U X/mra 20.6 A/m. 


The theoretical performance of the spectrometer is illustrated by the system modula- 
tion transfer functions shown in Figure 3-21. When the spectrometer slit is adjusted 
to a width equal to the Airy disk, the modulation would be 0.0k at X * 3000 X and 
••• 0.32 at X = 1200 X. This would be the modulation at a spectral resolution of 0.13 A. 
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FIGIR2 3-21 

MODULATION TRANSFER FUNCTIONS 
FOR HIGH DISPERSION UV SPECTROMETER 
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3. 5*2 . 2 High-Dispersion Spectrograph 

The high-dispersion spectrograph covering the visual and ultraviolet range is shown 
in Figure 3-92 and consists of an off-axis folded collimator, a turret of reflectior 
gratings, and an off-axis spectral camera. 

The off-axis collimator permits folding without an obscuration due to the secondary 
mirror. The off-axis spectral camera is a folded Schmidt-type system, with the 
aspheric correction on the reflection gratings. This permits a close fold of the 
system with no obscuration due to a secondary mirror. 

The collimator utilizes a f/4 primary to obtain an equivalent focal length o£ 80 
Inches. Four 8- inch-diameter gratings blazed at 4000, 5000, 6000, and 7500 A are 
used. The gratings have 15,000 grooves per inch and are mounted on an indexed tur- 
ret. This design permits replacing the turret with gratings blazed £ot the ultra- 
violet region, as there are no transmission optics except the window in the film 
casette. In such a case, a casette would be designed for UV work and would have th* 
appropriate window transmission characteristics. 

The spectral camera is a Schmidt system corrected for a 15-degree field. The syste- 
has an equivalent focal ratio of ef/lO with the chosen gratings, to produce a lines: 
reciprocal dispersion of 3*67 to 4.05 A/mra in the second, order spectra. Figure 3-2 
shows the system modulation transfer functions for the several spectrographic films 
The inters ct points of the granularity-limited detectivity curves are shown along 
with the required resolution to obtain the required 0.1 A spectral resolution. 

The exposure time required to observe a -O'* ^ magnitude star with a spectrograph va- 
dete rained by the formula 

T . Q(ef/n) 2 

antilog 0.4( A ra L - S p© - A si* 1 - - A pg nfc) 

where ef/n « equivalent focal ratio 

A mL ss magnitude limit determined by the Airy disk diameter 
Spm * the magnitude of the star to be observed 
A ej® * the loss in magnitude because the observation is by spectrograph 
Amg * the change in magnitude due to different film sensitivity 
&PSPR s Xoss magnitude due to reciprocity failure 

The loss in magnitude caused by the dispersion of the spectrograph may be computed 
by the formula 

A 5 i W( X g - X x ) 

*»gpn a 2 log 

2 K d 2 

ft 

where W » width of spectrum in millimeters # 

( X2- Xj) a wavelength range of plate used in A 
K » linear reciprocal dispersion in A/ram 
d * diameter of photographic disk in mm 
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FIGURE 3-23 


MODULATION TRANCriP. ACTIONS 
FOR HIGH DISPERSION SPECTROGRAPH 



.113 .056 .038 .020 .023 .017 Seconds of arc 
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Spectrographic magnitude limits SF n L were determined for Type 103 film to bring out 
problems connected with the operational aspects of MOT. Results of these computa- 
tions are shown below. 


FIGURE 3-24 


SPECTROGRAPHIC MAGNITUDE LIMIT FOR TYPE 103 FILM 


X 

K 

w 

Asp™ 


4500 A 

4.4 

0.1 mm 

12.64 

16.33 



0.2 

13.39 

15.58 

• 


0.4 

14.14 

14.83 

6800 A 

4.4 

0.1 

12.99 

15.96 



0.2 

13.75 

15.20 



0,4 

14.50 

14.45 


The observation requirements for high dispersion spectra require observing as din a 
star as 10th magnitude . Computations were made for the exposure time required to 
reach such a star at a wave length of 4500 A. These computations were made using 
the same linear reciprocal dispersion. and spectrum widening values as in Figure 3-24. 
In addition* the attitude stability a was allowed to vary by values of +0701, +0702, 
and +0704. The results of these computations are presented in the following table. 


FIGURE 3-25 

EXPOSURE TIME (NUMBER OF ORBITS) REQUIRED FOR 10TH MAGNITUDE STAR AS A FUNCTION OF 
ATTITUDE STABILITY FOR DIFFERENT VALUES OF SPECTRUM WIDENING* 


W 

« = o’.'oo 

a = +o 7 oi 

0 * +0702 

a » +0704 

0.1 mm 

0.528 

1.83 

2.53 

4.82 

0,2 mm 

1.055 

3.67 

5.06 

9.65 

0.4 mm 

2.106 

7.33 

10.12 

19.29 


♦Assuming Type 103 Film, X s8 4500 A 


3. 5*2.3 Righ-Dispersion IR Spectrometer 

The spectrometer feasibility model fur the infrared region, 0.79 to 13 microns, 
shown in Figure 3-26 consists of a i/30 Cassegrainian collimator with an equivalent 
focal lenp* i of l68 inches; a ncoaic of four echelette gratings or a 10-inch etcbel- 
lette gracing; an f/6 off-axis paraboloidal collector mirror; and exit slit followed 
by the Infrared detectors. 
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The grating would be precisely rotated to produce a spectral scan at the exit slit. 
The grating would consist of a mosaic of four echelette gratingo or could be a 
single grating. If the mosaic was used, the four component gratings would be blazed 
for O.85, 1.7, 4.5, and 10 microns with two having foo.Jffrm and one each 250 JL /mm 
and 100-?/nnn, respectively. If the single 10-lnch echelette grating was used for 
the 2.5 to 15 micron region, v.he grating would be 94 JL/m ra and blazed at 10 microns 
in the first order. The spectral region and the order observed would be: 2.5-3 U 

(fourth order), 3-^ ^ (third order), 4-7 /i (second order), and 7-15 (i (first order). 

The collecting mirror would be an f /6 off-axis paraboloidal mirror with several 
slits in the focal plane. These slits would be followed by the appropriate infra- 
red detectors array. This would provide simultaneous scan of several portions of 
the spectrum. The resolution expected would be one or two waves per centimeter. 

3* 5. 2. 4 Low-Dispersion Ultraviolet Spectrometer • 


The low-dispersion UV spectrometer in Figure 3-27 is based on th^ same optica.' 
principles as the high-dispersion UV spectrometer. The system becomes smaller but 
more complicated because of the variety of observational parameters required of the 
instrument. The spectrometer operates from 900 A to 4500 A with linear reciprocal 
dispersions of 60, 200, and 1000 A/mm. A concave reflective grating (G) is again 
used as a collimator. This collimator disperses the radiation into any one of three 
ofi-axis paraboloidal collecting mirrors Mi - M3. The collecting mirrors are rota- 
tionally mounted about an axis 17. Rotation of shaft N will alternately position the 
mirrors correctly with the proper detector. The indexed shaft, mirrors, detectors, 
and grating are mounted on a common mount which pivots about the point of intersec- 
tion of the grating normal and the optical axis. The four gratings jure mounted on 
an indexed turret to obtain the following operational capability: 


Concave Gratings 
Radius of Curvature 
Collimator Focal Length 
Diameter Grating 
Blazed Wavelength 

Focal Length of Collecting Mirrors 


Linear Reciprocal Dispersion 


600 Jffxm 
ko Inches 
20 Inches 
>1.33 inches 
1500 A 

3000 A 

f B s 11.5 inches 
3.5 inches 
# 1.2 inches 
60 A/mm with f 8 
200 A/mm vith f a 
1000 A/mu with f 8 


300 If mm 
40 inches 
20 inches 
>1.33 inches 
1500 A 

3000 A 


e 11.5 inches 
» 3.5 inches 
« 1.2 inches 


The 600 4 /vm gratings are used for the 60 A/mm and 200 A/mm operation. For a linear 
reciprocal dispersion of 1000 A/mm, 3 00 gratings are used. 


3. 5.2. 5 Low-Dispersion Spectrograph 

The low-dispersion spectrograph shown in Figure 3-28 will provide linear reciprocal 
dispersions of 60, 200, and 1000 A/mm. The following operational specification 
should permit studies from 4000 to 7000 A. 
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LOW DISPERSION UV SPECTEROMETER 
(900-4500 A) 





LOW DISH5R8IQH SPECTROGRAPH (4000-7000 



SPECTRAL ' 
FOCAL LENT??: 

:ame?a 

F-RATIO 

crati::t 

BLAZE 

LINEAR BECIFPCCAL 
DISPERSION 

11. C inches 

8.2 

600 j^/nrr. 

5000 A 

60 A/nr! 

3.2 

2 .1* 

601 

5000 

200 

1*3 

0.95 

300 

5000 

1000 


In this type of mounting, the optical axes of the grating and the carer a coincide. 
The car.eras would be the Schr.idt type with the fastest being a solid Schmidt. The 
spectral car-eras are designed to alternately use a corrcr.on film plane . The carjeras 
are positioned by rotation of shaft N. The mirror Kp and its corrector Op along 
with the solid Schmidt and corrector 0 % are mounted on shaft N. The components are 
mounted radially about shaft N in such a way that corrector Cp would be in position 
at midpoint of the shaft rotation. Further rotation would move corrector Cg out and 
bring the solid Schmidt into position. Reversing the rotation would bring mirror Mp 
and corrector Cp into position. This remits remotely changing the spectra 1 cameras 
vithout changing the film casette. 

3 . 5 * 3* 1 Photoelectric Photometry 

The photoelectric photometer shewn in Figure 3-29 will operate in the ultraviolet 
and visual regions of the spectrum. Basically the photometer vould consist of find- 
ing guider.ee, focal plane diaphragm turret, field mirror, filter turret, detector, 
and signal processor. The photometer will be used at an equivalent focal ratio of 
ef/30 to reduce the effect of sky background. 

The feasibility model photometer is a two-channel photometer; one chancel measures 
the brightness of the star, while the other measures the brightness of the sky 
adjacent to the star. 

The field stop aperture and filters would be calibrated and mounted on separately 
controlled turrets. 

3 * 5 . 3*2 Thermoelectric Photometry 

Thermoelectric photometry will be accomplished with an infrared radiometer as shown 
in Figure 3 - 30 . This instrument will be located at ef/30 and will consist of a 
chopper, detector, comparison IS source, preamplifier, and a data processing unit. 

The chopper will be a rotating butterfly mirror to alternately reflect the comparison 
source into the detector. 

This unit vould be designed as a module for easy replacement by a thermoelectric 
radiometer which would employ a mosaic of detectors to be used for search of low 
temperature stars . 




D2-&bOk2 - 1 
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PHOTOELECTRIC PHOTOMETER - DOUBLE CEAHKEL 



FIGURE 3-30 
INFRARED RADIOMETER 
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3.6 H*OBI£M AREAS 


It* problem areas discussed In this section are optical In relation to the telescope 
and the instrumentation, and are presented in terms of the optical requirements, 
optical quality, optical alignment, and attitude stability. 

3.6.1 Optical Quality 

A perfect optical system would image a star as a bright central condensation sur- 
rounded by diffraction rings. The central condensation would contain 85 percent of 
the image light with the remaining 1) percent in the diffraction rings. Irregulari- 
ties in the optical surfaces will cause a reduction of this central condensation by 
scattering some of this light into the diffraction ring area. When the light ij 
scattered in this manner, the fine detail is lost if it is not of high contrast. 

At the Rayleigh limit (commonly termed diffraction limit), 68 percent of the light 
is in the central condensation with an additional 17 percent scattered into the 
diffraction ring area. 

Hufnagel has published a method of incorporating the effects of random wavefront 
deformations into the modulation transfer function. Using this method, it is pos- 
sible to determine the percentage of light in .the central condensation as a function 
of the RMS surface deformations of an optical system. It is also possible to esti- 
mate the optical performance of a system as a function of the RMS surface deformation. 

The following formula is used to determine the modulation transmission factor M or 
the percentage of possible light in the central condensation: 

M e exp [-(U ir 2 / x 2 )(RMS wave front variation ) 2 J 

M * modulation transmission factor 
exp £ J is to the base e 

The net M value for light passing through several optics is lust the product of the 
M value of each optic. Then the M a of each optic is M s = M*v n where n is the number 
of the surfaces (if all surfaces are weighted equally). If the optic is a mirror 
surface, the RMS deformation of the surface is one-half the RMS wavefront variation. 

A value of M = 0.90 has been used in the modulation transfer function computations. 

To obtain this value, it was estimated that the secondary and folding mirror modula- 
tion transmission factor Mg, Mi, and Mg, would each be equal to 0.985 or a maximum 
surface deformation of ^ l/20 of a wavelength or an RMS of l/lOO wavelength. This 
nxans the primary mirror will have a value of Mp « .95* The primary mirror would be 
required to have surface deformations less than rv 1/10 wavelength and an RMS of 
l/53 wavelength. 

If all the surfaces were weighted equally, the surfaces would have to be made to an 
RMS surface variation of < I/80 wavelength, to expect the same performance. This 
would be easier for the smaller mirror but much more difficult for the primary mir- 
ror. if all mirrors were made to an RMS surface variation of 1/53 wavelength, the 
overall performance would drop to a value of M » 0.8. 



Assumin' that the problem cf meeting the optical requirement is much, greater with 
tie primary mirror, the telescope j^rfomance has been computed as a function of 
the primary mirror optical quality. Figure 3-31 is a plot of the percent of light 
in the central condensation as a function of the primary mirror RMS surface defor- 
mations. Figure 3-32 illustrates the effect of changing the modulation transmission 
factor of the telescope system by a change in Mp. 

3.6.2 O ptical Alignment 

The tolerances for optical alignment cf the secondary mirror were given in Section 
3 .U. 3 . The problem reviewed here is the technique that should be used for alignment 

There are two basic approaches to the alignment problem, which for discussion pur- 
poses will be labeled "the functional approach" and "the positional approach." 

Functional Approach - The functional approach involves a systematic reduction of 
aberrations by visual interpretation of the image and performing mechanical align- 
ment operations in a reiterative process. 

There are two factors which make this technique objectionable for space telescopes; 
the image quality is dependent upon the initial pointing accuracy, and the param- 
eters causing the aberration are not decoupled from each in the image pattern. Be- 
cause of these two factors, it takes a highly skilled technician to perform the 
alignment. Even then, the whole process can be highly frustrating and subjective 
under laboratory conditions. Figure 3-33 illustrates the type of star image that 
may be encountered for various alignment conditions. These simulated star images 
were produced by an ef/l6, 12- inch-diameter Cassegrainian telescope in connection 
with a comparison study of the functional and positional methods of alignment. 

Study details are reported in Boeing Document D2-36209-1. 

Positional Approach - The positional approach is to position the secondary mirror 
with regard to tilt, lateral, and longitudinal displacement by means of decoupled 
optical sensors. 

The optical sensors are instruments based on the principles of autocollination, 
auto-alignment, and. interferometry. The auto-collimator senses tilt, the auto- 
alignor senses lateral displacement, and the interferometer senses the longitudinal 
displacement of the secondary mirror. The signal from all three of these devices 
may be monitored continuously in the MORL without interrupting the observations. 

In addition to the monitoring alignment sensors, it would be advisable to have an 
Initial alignment fixture based on the same principles. The alignment fixture 
would perhaps have larger operating ranges at some sacrifice of precision. 

As each parameter is aligned, the respective monitoring sensor Is switched into the 
servo loop. 

Upon alignment of tilt and lateral displacement, the folding mirror is rotated to 
the vide-field camera position. The telescope is then slewed to bring a star within 
the acceptance cone of the automatic focus sensor. Position of best focus Is deter* 
mined by longitudinal movement of the secondary mirror. Upon completion of the „ v 
focus operation, the interferometer sensor for longitudinal displacement is "zeroed" 
and. switched into the servo loop. The purpose of this servo loop is to keep the 
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PERCENT OF LIGHT IN CENTRAL CONDENSATION OF AIRY DISK AND MODUIATION 
* TRANSMISSION FACTOR OF PRIMARY MIRROR (Mp) AS A FUNCTION OF RMS 

Light Mp SURFACE DEFORMATION 



RMS Surface Deformation In Wavelengths 


I 

FIGURE 3-32 


RESOLUTION AS A FUNCTION OF CHANGE IN MODULATION TRANSMISSION 
FACTOR DUS TO PRIMARY MIRROR SURFACE IRREGULARITIES 
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(a) Comatic image resulting from tilted pr inary mirror.. 
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(b) Astigmatic image resulting from tilting secondary mirror 3.25 milliradian. 
This sequence shows how the image changes as the eyepiece tube is drawn 
through focus. 
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(c) Combination of 4.3 milliradian primary tilt and 3.25 milliradian secondary 
tilt as eyepiece tube is drawn through focus. 


STAR IMAGES FOR VARIOUS ALIGNMENT CONDITIONS 
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proper spacing between the prirrury and seeondaiy mirror. Figure 3*3^ illustrates 
the techniques and application of the alignment sensors. 

Assuming the tele score has beei. successfully aligned and the monitoring sensors are 
com leting tne servo loop to maintain alignment, there is a remaining problem. 

This is the po3sibi3ity of an out-cf-focus condition arising from a change in the 
back focal distance (the optical distance from the surface of the primary' mirror 
back to the focal plane). Since the tolerance on focus is +0.009 Inches at ef/l5 
and +O.O36 inches at ef/30, either of two methods would appear feasible. Auto- 
focus devices will be located on the most critical instruments fer focus, such as 
the cameras. 

3.6.3 Limits of Attitude Stability 

Image motion arising from uncompensated angular rates will have three effects; small 
amounts of image reduce the contrast of fine detail, larger amounts will reduce the 
resolution; the exposure time required will be lengthened; and the magnitude limit 
will be changed due to enlargement of the photographic disk. Figure 3-35 illustrate 
the change in modulation and resolution as a function of attitude stability. 
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FIGURE 3-3 1 * OPTICAL AUGJIMEMT OF TBIESOOHS 
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FIGURE 3-35 
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T^l« 6 in magnitude ss a result of attitude Instability nay be cerputed by the 

Am ft * -2.5 log (JLd_+jLi£\ 

trd 

where * change in magnitude 

fi * photographic disk diameter (mz) 
dg m linear image smear (mm) 


° f t ^ 3 tCrm ** thft forKula3 for determining exposure time and limiting 
magnitude permits a parametric study of attitude stability, figure illustrf 

£ ^J°^,‘ Cale ^ t,Sr * plW at It represents 

the K..st stringent resolution requirement. Fbr example, astrometric phctocraohv 

requires a resolution of 0.0? are seconds according to Fredrick. Free t v e plot it 

“ <OT 'w nt th “ t° -02 seconds per exposure tl=e"vc5d d£ 

grade the photographic quality to an unacceptable level. 

The *«y*ncy and amplitude tolerances of such an oscillation is a function of the 
aagaitude being observed. Short exposure times would permit lar^r SaMlity 
amplitudes or, conversely, long exposures permit small amplitude at high frequLcie 
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FIGURE 3-36 LIMITING PHOTOGRAPHIC MAGNITUDE AT ef /30 

AS A FUNCTION OF EXPOSURE TIME FOR TYPE 
103 FILM WITH VARIOUS VALUES OF ATTITUDE 
STABILITY 
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3.7 Disciissior; of kssults. 

Various aspects of the study will be presented in this section. These aspects 
influenced the selection of the optical system and the instrumentation, bat for 
clarification purposes were omitted previously. 

3.7.1 Optical System 

Very early in the program the significance of selecting the focal ratio of the pri- 
mary mirror became evident. An f/2 versus f/4 trade study was undertaken with the 
assumption that the most feasible focal ratio would fall within this range. This 
voulu also be sufficient to illuminate the problems associated with the selection. 

The problem was reviewed with respect to astronomical objectives, optical engineering 
optical manufacture, structural design, and geometrical stability. Details of this 
study are presented in Boeing Document D2-84o4l-l. The results are summarized in 
Figure 3-37. As a result of this study, a decision was made to use an f/- primary 
mirror in the configuration studies. 

3.7.2 Optical Quality 


The modulation transfer functions were computed in most cases using a value of 
M * 0.9 corresponding to 76 percent of the light falling in the central condensation 
of the Airy disk. This is the limit recommended by Conrady (l’139) « To obtain such 
performance would require the primaiy mirror to have RtS surface deviations of A/53 
or less. Ia view of the fact this is a very stringent requirement, it should be 
reviewed from the standpoint of manufacturing capabilities and the effect of coarser 
tolerances. 

As to manufacture, the 84 -inch Kitt Peak Telescope mirror is cited as reference. 
Schulte, in describing the test patterns of the 84- inch mirror, states. Figure 4 
is a set of four reproductions of knife-edge photographs through the null tester, 
shoeing progressive improvement of the figure on the indicated dates. For scale 
reference, the measured amplitude of the small ripples near the edge, as they appear 
on the second photograph, was not more than l/8 wave." Photographs of tests taken 
after further polishing had been done on the mirror indicated considerable smoothing 
but with some of the l/S wave ripples (FMS/v^ l/40 wavelength) remaining. 

This mirror is evidently close to the ultimate MOT surface quality. However, the 
Kitt Peak mirror is solid quartz whereas the one anticipated in the MOT is a 
lightweight beryllium type. Dr. Baker believes that for a mirror of this type, it 
would be more realistic to expect an SMS /-v-' l/20 of mercury green wavelength. 

How does this affect the performance? Review of Figure 3-31 indicates an X/20 

of the primary would give ^/53 percent light in the Airy disk, which is a modulation 
0.6. ' Using Figure 3-32, the resolution is estimated at ^vxO.07 arc seconds. 

Now the detectivity curve shown in Figure 3-32 is for objects with a contrast ratio 
of 100 or 5 magnitudes. Assuming the sky background to be equal to 23*75 magnitude 
would indicate resolution of 0.07 are seconds could be expected for stars of 18.75 
magnitude or brighter. Since most of the astrometric photography will be 14th 
magnitude or brighter, this optical quality would be usable. 

For planetary photography the contrast ratio is in the order of three. The effect 
of this is to change the detectivity curve to a value approximately twice what it 
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FIGURE 3-37 - f/2 VERSUS f/4 PRIMARY MIRROR TRADE STUDY SUMMARY 


TECHNICAL AREAS 

1. Astronomical Observation Requirements 

2. Optical Alignment Tolerance - Secondary Mirror 

Tilt 

lateral Displacement 
Longitudinal Displacement 

3» Optical Manufacture 

Difficulty to Manufacture 

Cost 

Time 

(All-out, cost-doesn' t- count- effort) 

4. Structural Design 

Complexity 

Length 


f /2 


TRADE FACTORS 


tl it 


Not dependent on primary 
mirror focal ratio 


5 . Geometrical Stability 

^temperature Distribution 

Deep space observation along . 
inner tube radially 

Venus observation along inner tube 
sunlit side 
cold side 

Radially 

sunlit side 
cold side 

Temperature Gradient Limit 

Primary Mirror Thermal Distortion 




3 X 

f /2 



10 x 

f /2 



4 x 

f /2 

' 8 x 

tA 



3 x 

f/4 



3-6 

yre 

1-3 

yrs 

2-4 

yrs 

, 


Slightly less 



571 

in* 

650 

in 



670 

in 


(telescope 

design) 


2 x f/4 (gradients) 

(no significant difference) 


4 x f/4 (gradients) 
7 x f/4 


1.3 x f/4 

In all cases, higher for f/4 
464 x limit 528 x limit 


60 



D2-84042-1 


is now. This in turn increases the angle that can be resolved by a factor of 


3*7*3 Summary of Recommended T elesco pe and Instrumentati on 

In summary of the results of this section, the observational requirements can be met 
by the following telescope system and scientific instrumentation: 


Telescope System 

Aperture 120 inches 

Primary f /number f A 

Effective f/number f/15 and f/p 

Ritchey- Chretien Type 


Wide Field Photography (at ef/15) 


Plate scale 
Field of View 
Format 

Limiting Magnitude 
Resolution 


4.38 sec/mm 

3*9* (without corrector)- l/2° (with corrector) 
16 x 16 inches 
26 

O.V’l 


Harrow Field Photography (at ef/30) 


Plate Scale 
Field of View 
Foroat 

limiting Magnitude 
Resolution 


2.19 sec/mm 

2* (without corrector) 
2x2 inches 
27 

o*.’o6 


High Dispersion Ultraviolet Spectrometer (at ef/15) 

Grating and Blaze Wavelength * 1200 ^/mm; 1200 A, 3000 A 

» 60Oy/mm; 1200 A, 3000 A 

Linear Reciprocal Dispersion at A * 1200 A X * 3000 A 
with 1200 4 / ms. grating K ■ 10.2 't/m. K * 11.1 A/ram 

with 66O 4 /mm grating K * 20.4 A/mm K « 20.6 A/mm 

Spectral resolution c 

Modulation of 0.04 for resolution of 0.13 A at 3000 A 
Modulation of 0*32 for resolution of 0.13 A at 1200 A 

High Dispersion Spectrograph (at ef/30) 

(hating and Blaze Wavelength = 600 4 /xm-, 4000 A, 5000 A, 6000 A, 7500 A 

linear Reciprocal Dispersion K * 3.67 to 4.05 A/mm 

Spectral Resolution <0.1 A 

Limiting Magnitude 16 
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High Dispersion IR Spectrometer (ef/30) 

Grating Mosaic of four echelette gratings ; two 

with 600 JLf-ms. and a 250 j?/vm, a 100 j^/ram 
Blaze Wavelengths O.85, 1*7> ^*5# and 10// 

Spectral Resolution 1-2 waves/centimeter 

Low Dispersion Ultraviolet Spectrometer (ef/15) 

Concave Grating 600 //mm and 300 jffvm 

Blazed Wavelength 1500 A and 3000 A 

Linear Reciprocal Dispersion 60 A/mm, 200 A/mm and 1000 A/mm 

Low Dispersion Spectrograph (ef/15) 

Concave Grating 600 J^/mx and 30^ J!/vm 

Blazed Wavelength 5000 A p # 

Linear Reciprocal Dispersion 60 A/xm, 200 V®® and 1000 A/mra 

Photoelectric Photometry (ef/30) 

Wavelength Photometer Aperture Angular Resolution 

5000A 
lO/tf 


0.001 inch 
0.02 


ov 05 
IV 0 



'IF 


D2-84C42-1 


U.O OPERATIONAL ANALYSIS 
4.1 BASIC TELESCOPE CCL’CaPT 

The basic approach used to examine methods of operation and design problems 
was first, ic generate a telescope baseline configuration which included all the 
basic optical ar.d experiment subsystems and associated structural support and 
then, to incorporate modifications as required to satisfy the varying functions 
and design requirements defined for the different operational concepts being 
considered. Conceptual design work was tailored to generate the technical data 
required to conduct engineering and operational analyses. These analyses pro- 
vided the basis for establishing design feasibility and for evaluating the 
alternate conceptual candidates. 

Ma^or design factors include requirements and constraints associated with the 
telescope optical systems, experiment equipment, crew accomodations , launch 
vehicle, ar.d orbital operations. Orbital operation requirements cover vehicle 
rendezvous and docking, maintenance; space environments, such as temperature, 
mierometecrcids, and radiation; and the vehicle performance needed for astronomi- 
cal observations. The two requirements associated with vehicle performance that 
. were considered critical feasibility problem areas are the thermal control 
necessary to maintain the precise optical geometry of the telescope, and the 
attitude stability needed to attain th?. diffraction limited performance of a 
120-inch telescope. 

« 

The telescope optical geometry and the cabin for housing the experiment equip- 
ment at the Cassegrairdan focus are the dominating design requirements which 
gov? *a the shape and size of the basic MOT configuration. Launch loads, thermal 
control requirements, and the servo elastic requirements are the most critical 
items governing structural design. Both the long operational life for the 
MOT (3-5 years) and the desired versatility for conducting various types of 
optical experiments impose many requirements for men to set up experiments and 
to perform maintenance while in orbit. These requirements call for unique 
design ax id installations due to man's limitations while working in zero gravity 
and in a spacesu't. 

Most of the study effort covering subsystems was devoted to the two systems 
related to the critical feasibility problem areas, which are the thermal balance 
and control ar.d the attitude stability and control. The other subsystems, such 
as electrical power, conxiunicatiens, and propulsion, were reviewed and were 
found to have requirements compatible with those systems which are being con- 
sidered for space flight in the time period prior to operation of the MW*. 

Study effort on these systems was therefore limited to identifying a typical 
system and installation which may be required for the MOT operational concepts. 
These data were primarily needed for weight statements, installation volume 
requirements, and for defining electrical power requirements. 

The original baseline telescope configuration used in the initial phase of the 
MOT study utilized the f/2 primary mirror design previously developed by the 
Pecker division of the American Optical Company. This baseline is depicted by 
Configuration A of Figure 4-1. The only significant changes to the Pecker 
design are the addition of the pressurized cabin to house the experiment equip- 
ment at the Cassegrainian focus and the addition of the telescope doors. 
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Configuration C was generated midway in the study and the geometry and mass 
characteristics of this design were used for the completion of the attitude 
stability control analysis and associated structural serve elastic analysis, 
plus the completion of the thermal analysis. The majer change in thir design, 
compared to Configuration E, is a fixed support structure fer the secondary 
mirrors. This change was initiated to eliminate- ohe telescoping cr erection of 
the secondary mirror section ih orbit and to drop the requirement to conduct 
experiments at the prime focus. The latter requirement change, plus the use of 
pyramid-type deers located adjacent to the secondary mirror support, made it 
possible to keep the overall height of the f/4 telescope within acceptable 
limits without using an extendable-type structure for support of the* secondaries. 


Configuration D depicts the final design study iteration of the MOT, 
incorporates conceptual designs developed ir, the following subsystem 


which 
areas : 


1. Cabin arrangement and experiment installation requirements 

2. Secondary mirror installation and alignment control systems 

3. Thermal control 

4 . Miscellaneous subsystem equipment installation, such as star tracker, 
reaction control jets, solar panels, communication antennas, etc. 

Major design changes which affected the configuration geometry are the altered 
cabin and addition cf an earthshade. Installation of large pieces of experiment 
equipment, such as the high dispersion visual spectcgraph, led to the selection 
of a cabin design consisting of a cylinder with flat bulkheads, rather than the 
eliptical pressure dome design used on the initial baseline. The earthshade, 
which is an extendable cylindrical structure at the open end of the telescope, 
was incorporated to stabilize temperatures in the area cf the secondary mir rors, 
the primary mirror, and the telescope doors. Detail descriptions of the fina] 
baseline telescope configuration and conceptual operational designs for the 
final two modes cf operation are presented in Section 5. 
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k.2 APPROACH & STUDY DEVELOPMENT 


The approach used in this operational analysis vas to identify the significant 
problem areas concerning the role of man in the MOT operations and to compare 
the relative advantages or disadvantages of the various operational modes. Con- 
sideration vas given to man’s capabilities and limitations in the space environ- 
ment and their effect or constraints on the laboratory equipment and telescope 
design. Further evaluation included the comparison of man's ability to perform the 
necessary tasks and the comparisons of timeline analyses for each of the various 
modes. In addition to evaluation of man's role and the timeline analyses, suff- 
icient data vas generated in the areas of technical risk, operational capability, 
and constraints on the MORI., to allow valid comparisons. 

The study vas conducted for three basic modes of operation, with variations of 
each of these modes as depicted on Figure k~2 and described below. 

MODE I - The telescope is docked and then permanently attached to the laboratory 
for ell subsequent operations. The rigid couple and the gimballed couple were 
considered as alternate designs in this mode. 

MODS 1A - Rigid Couple - The telescope is launched separately and, after 
docking to the MOHL, is permanently coupled to the laboratory for all oper- 
ations. Attitude positioning and stabilization is accomplished by the entire 
MORI/MOT combination. Environmental control and electrical power is provided 
by augmented MORL subsystems. 

MOSS IB - Gimballed Couple - This approach retained a rigid attachment to the 
MORL, yet partially decoupled MORL disturbances from the telescope optical 
systems through the use of a tvo-axls global support. The angular travel 
within the glmbal is limited to + 0.5 degrees which is compatible to the MORL 
attitude control subsystem. For~large angular changes of the telescope, 
the gimbals are locked and- the MORl/MOT combination sieved to the desired 
attitude. For this mode, too, electrical power and environmental control 
are supplied from the MORL. 

MODS II - The telescope is docked and rigidly attached to the laboratory for exper- 
iment setup and maintenance functions, but decoupled for those operations associated 
with astronomical observations. Mode II alternate system approaches included the 
tether system, the floating socket, and intermittent remote controlled docking 
without a physical attachment. 

HOPE IIA - Tether System - Tills approach vas simply the attachment of an 
umbilical tether when the telescope Is decoupled from the MORL. Electrical 
power and environmental control are supplied by the MORL. 

MODE IIB - This approach to Intermittent coupling utilizes a floating socket 
mechanism as the inter-connection. This mechanism permits complete separation 
from the MORL disturbances during observations hut prevents separation beyond 
the confines of the socket. During observations the MORL is maneuvered to 
stay clear of the telescope. . 
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Figure 4-2; Evolution of Operational Modes 
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MODS IIC - Remote Controlled - In this node, the. telescope is completely 
decoupled from the MORL with no physical restrictions to linit the separ- 
ation distance. A remote control system in the MORL is used for initial 
rendezvous and docking, as veil as the repetitive dockings required before 
and after the observation functions. Electrical power and environmental 
control are provided by the MORL when coupled, but the telescope is also 
provided with an independent electrical and environmental system for its 
uncoupled operation. 

MODE III - Hie telescope is placed in orbit near the laboratory and is operated in 
a separated position at all times. 

MODS IIA - Astronaut Transfer - Man travels to the telescope and performs all 
functions in a pressurized spacesuit. The MOT contains its own electrical 
power and orbit keeping systems. 

MODS IIIB - Astronaut Transfer - Man travels to the telescope in a pressurized 
spacesuit but works within a pressurized cabin in a shirtsleeve environment. 

The MOT contains its own electrical power, environmental control, and orbit- 
keeping systems. 

MODE 1IIC - Shuttle Vehicle - The MOT remains in the vicinity of the MORL and 
nan utilizes a shuttle vehicle for transfer. The shuttle vehicle provides a 
shirtsleeve environment during transfer and also provides MOT cabin press- 
urization and orbit keeping when docked. The MOT contains its own electrical 
power and thermal control systems. 

The first phase of the study, up to the midterm report, was devoted ’primarily to 
generating sufficient data to conduct a comparative evaluation and rating of these 
eight nodes of operation to provide a basis for a selection of the two most pro- 
mising approaches. The principle weighing factors considered were: 

o Technical Risk - The probability of systems not meeting design or operational 

requirements in the specified environment by the specified time period. 

■* 

o Operational Capability - The assessment of relative observation time, relia- 
bility and safety, flexibility and versatility, and man’s ability to perform 
the assigned tasks. 

o MORL Interface Constraints & Requirements - The consideration of the con- 
straints imposed on the MORL by the MOT for each mode of operation in the 
. areas of design, function, subsystems, and man's operation. 

Further discussion of the evaluation criteria, the considerations affecting the 
ratings, and the conclusions are included in Document D2-84041-1. At the midterm of 
the study, the two recommended modes were IIB, the floating socket as an attached 
concept, and a hybrid between Modes IIC and ITIC, which considered the shuttle 
vehicle for frequent short duration trips in conjunction with the capability of 
docking the MOT to the MORL for longer duration maintenance requirements. 

‘ The hybrid mode was considered to be an acceptable concept for the remote or 
detached operation, but continued design study was deemed necessary to resolve 
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the problems associated with the floating socket concept. At the midterm review, 
the relative rating for technical risk assigned to the floating socket was con- 
sidered to be optimistic. The attitude control and reaction Jet and propulsion 
subsystems would be required to operate often to keep the MOT within the floating 
coupling and maintain the stationkeeping limits. Because of this constraint and 
the addition of complexity to the MORL subsystems, further design study of a close 
couple mode resulted in the "soft gimbal" concept, which provided sufficient atten- 
uation of the MORL disturbance forces to overcome the technical risk associated with 
the conventional gimbal designs. 

These two modes were then evaluated to arrive at the final selection for the final 
phase of the study. 
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4.3 OPERATIONAL DESCRIPTION OF THE WO FTJAL MODES 


4.3.1 Soft Gimba 1 Mode (Boeing Model No. 94&-41C) 

4. 3 . 1.1 Launch 

The launch vehicle for the MOT will be the Saturn IB. The MOT vill be scan ted 
within an adapter and fairing similar to the Apollo LEM adapter. Access to the 
MOT cabin area on the launch pad will be provided through an access door in the 
adapter and a door in the side of the MOT cabin, which will be bolted and sealed 
prior to launch. These doom are sufficiently large to permit removal of the high 
dispersion spectrograph, which is the largest single piece of equipment in the 
cabin. 


In order to withstand the severe vibration environment during boost, inflatable 
bladders vill be used for supporting the primary mirror, to prevent the intro- 
duction of stresses. 

During the launch of the MOT, the outer fairing will be jettisoned to maximize the 
payload capability in orbit. The nose cone and the outer fairing vill be separated 
and. jettisoned after the end of first stage burnout. The vehicle will remain in 
this configuration through burnout of the S-IVB stage, after which separation will 
occur. Figure 4-3, launch profile, illustrates the parts jettisoned and the general 
sequence of operations through the boost profile. 

The MOT is launched. into an elliptical orbit of 250 nautical miles apogee and 8D 
nautical miles perigee. This type of orbit permits the use of a Eohmaa transfer 
for purposes of rendezvous with the MOHL. The orbit injection engine, guidance 
and control equipment, and associated propulsion systems on the MOT are used to 
perform the transfer. Ground control will be in command of the MOT during the 
catchup orbit and will initiate the final Hohmann transfer. After the MOT is placed 
within approximately ten to fifteen nautical miles of the MOHL, control will be 
transferred to the MORL crev for final rendezvous and docking. 

4.3* 1*2 Rendezvous & Docking 

After the MORL crew acquires control of the MOT, the MOT reaction control pro- 
pulsion system will be used for making the final orbital adjustments prior to 
docking. Visual as well as radar systems can be used to aid in making the final 
maneuvers. Docking will be accomplished at the large end of the MOHL near the 3-man 
airlock. The MORL must be modified in this area to provide a transfer tunnel, an 
Apollo-type docking receptacle, and attach points for the supports from the MOT gimba 
The Initial rendezvous and docking operation is the same as for the remote mode, and 
is discussed In Section 4. 3*2.2. 

4* 3 . 1.3 Deployment 

After the MOT and MORL have docked, a permanent attachment is made between the MOT 
and MORL. Figure 5*2-3 illustrates the orbital arrangement and Figure 4-4 the struts 
being attached by the MORL crew. These struts provide a rigid connection between 
the MORL and the MOT gimba 1 support structure. In addition, boost support structure 
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Figure 4-3: Launch Profile 
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used to support and stabilize the gimbals and spring suspension system during launch 
must be removed. A mechanism U3ed for making rigid the KOT/MORL during orbit will 
then be actuated. 

The telescoping crew tunnel on the MORL is sealed at the MOT cabin interface, the 
docking cone removed, and umbilicals connected in the tunnel. The cabin is then 
pressurized from the MORL systems, allowing shirtsleeve entry into the MOT cabin. 

4.3. 1.4 Setup, Checkout, & Alignment 

Setting up the telescope to its orbital configuration from the launch configuration 
is begun after the MOT is docked to the MORL. This conversion involves the part- 
icipation of man and requires operations extravehicular as well as within the press- 
urized MOT cabin. Removal of boost structure and supports, installation of orbital 
supports, alignment and checkout of the mirrors, checkout of all actuation sensors, 
etc. are activities which will be accomplished in the space environment. Man res- 
traint provisions will be located at those areas where manual tasks are to be con- 
ducted. 

The highly critical nature of the optical elements requires special supports and 
restraints to withstand the severe boost environment. These supports will be 
removed and orbital supports attached. The inflatable restraint bladders installed 
around the primary mirror during boost will be depressurized and allowed to contract 
as described in Sect! cm 5* 

After the boost supports are removed, the primary mirror will be attached to the 
three point tangent bar supports. If possible, this function will be done auto- 
matically; however, man mur<t be able to back up the automatic system. If a crew- 
man is required to accomplish this attachment it will be necessary for him to work 
Inside the telescope and in front of the mirror. A similar task is required in 
the area of the secondary mirror cell where boost support structure must be removed 
for the mirror as well as the servo positioners which are used for optical control. 
Figure 4-5 illustrates man working on the telescope in space. 

Scientific instrumentation in the cabin is aligned on the ground prior to launch. 

This is mounted in place on an Instrument mounting base or platen which is rigidly 
connected to the primary optics. In orbit, the man must make a final adjustment of 
these elements so that an optical alignment can be accomplished. Figure 4-6 shows 
the cabin arrangement and arrangement of the scientific optical equipment. Auto- 
colllmating type alignment units are used for both initial alignment and for checking 
the alignment of the entire optical, system. Two folding mirrors, shown on Figure 4-6, 
are used to alien/ the use of both the f /30 equipment and f/l5 equipment. The first 
lolrror is used for folding the f/l5 light directly into the instrument package. The 
f /30 light is folded to a rotating mirror which in turn folds the light to the 
applicable Instrument. 

Optical checkout and alignment must be accomplished for the telescope in thermal 
equilibrium at operational temperature. The autocollimatlng and alignment unit 
will be carefully aligned to the primary mirror itself. A check of this will be 
made *n orbit. Once it is verified that the autocollimatlng unit is aligned with 
the primary mirror, it will be used through the folding mirror to align the secondary 
mirror. Using the autocollimatlng unit, the secondary mirror will be positioned 
vertically and laterally to the correct position* This will serve to zero the posit- 
ioners used for maintaining the secondaries in the correct position. After vertical 
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4. 3*1*5 Operation 


The operation of the MOT in the soft gimbal node requires that the MORL basically 
assume the orientation of the telescope. There is a rigid coupling between the 
MOT soft gimbal support structure and the MORL. A spring suspension and a two-axis 
gimbal allows approximately + l/2 degrees angular travel. In order to position 
the MOT for observation, the MORL crew will remotely lock out the MOT gimbal and 
spring suspension system and slew the combination of MCRL and MOT into the desired 
inertial attitude. When the combination of MOT and MORL is positioned to the target 
area within a range of l/2 degree, the tunnel is retracted, the MOT gimbal is 
released, and the fine stabilization and guidance system of the MOT perform the final 
attitude positioning of the MOT. 


For normal operation, the telescope will always point $0 degrees or greater to 
sunlir. , which means that the telescope will be looking into deep space. The 
telescope doors are closed to prevent the telescope from viewing the Earth’s 
surface or atmosphere during the daytime periods of each orbit. The door actuators 
must be very reliable since they may be operated approximately 16 times per day for , 
between 3 and 5 years. Access to the main part- of the telescope by man will be 
made by using erne of the telescope doors for entry and exit. Chce inside, optical 
surfaces will be covered and the telescope doors will be closed to provide a con- 
trolled environment and protection for man. These doors sene as meteoroid and 
radiation shielding for the man and permit a controlled lighting environment . 

Using reference stars, the MOT/MOEL will be slewed to the proper orientation. 

This gross positioning can be done using the MOT coarse mode reference system to 
command both the MOT and MORL control torques. With the MOT/MCEL pointed at the 
target area veil within the l/2 degree, the MOT/MOKL soft gimbal system is activated. 
The man in the MORL could then use a TV monitor to observe the telescope stellar 
pattern. He could select the target star or offset guidance star from the pattern 
using a map-matching teeliniquc, and remotely command the MOT to position the guiding 
star in the proper orientation. When the target or guiding star is positioned 
as accurately as possible in this manner, It would, automatically* fall within the 
range of the fine guidance sensor. The attitude control system vould subsequently , 
provide the stabilization and pointing to the target. 

Figure 4-6 shows the light path and the method of selecting any me of the f/15 
or f/jO pieces of equipment. The elliptical folding mirror is mounted in a motor 
driven bead and indexes from one instrument to the next. Exact alignment must 
be maintained in the new position. Stc >s will be provided and indexed, but final 
adjustments will be required* The size of the elliptical folding mirror is dictated 
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by the format for astrophysical photography which is approximately lC x 16 inches. 

A high degree of remote control is required in the MCT operation. With the 

capability of remotely selecting various optical instruments, the number of trips 

required by man to the MOT cabin can be minimized. Remote command s will be 

utilized to advance the film from one frame to the next for such items as astro- 

physical photography, advancement of the film in the high and low dispersion 

spectrographs, and changing from one slice no ano^ner ror astrometric photography. 

Manual operations in the cabin are anticipated to be primarily that of installing 

and removing film modules or packages and checkout of a new film package for proper 

functioning prior to automatic or remote controlled operation. Equipment, such as 

the photoelectric photometer and the spectrometers which utilize photoelectric 

sensing, must be turned on remotely from the MORI,. The data from this equipment 

will be monitored and recorded in the MORL, then telemetered to the ground. 

« 

A remotely operated pressure hatch, shown on Figure 4-6, is provided between the 
cabin and telescope to alien/ pressurization of the cabin. The hatch includes a 
3.0 inch-dianeter optically flat window located in the center to permit a beam of 
light to penetrate into the cabin when the hatch is in the closed position. This 
capability allows for preliminary optical alignment checks of the folding mirrors 
and experiment equipment while the crewman is in the cabin. For normal telescope 
operation, the hatch Is retracted and stowed. Final alignment and adjustments 
for astronomical observations will be accomplished by the man in his pressurized 
suit after the cabin is depressurized and the hatch retracted. 

Figure 5*2-2 illustrates arrangement of the secondary mirrors and the method con- 
sidered for changing from f/15 to f/30 operation. The f/15 secondary mirror Is ' 
mounted on a hinged support to allow it to be folded out of the way and stowed 
along the inner surface of the telescope tube. After removal of the f/l5 mirror, 
the f/30 mirror must be adjusted and its alignment checked before use. This 
function can be accomplished manually by the crewmen working in pressurized space- 
suits. Access to the inner telescope tube is accomplished through the doors at 
the open end. Hand holds, assist bars, and retraint devices will be provided to 
assure maximum protection for the crewman, tie mirrors, and associated equipment 
vithin the telescope . 

4. 3*1*6 Maintenance 

The conduct of maintenance is one of the important considerations in the role of awn 
for the MOT system and is essential in orbit to maintain the telescope operation 
for the 3 to 5 year period. . Equipment located both internal and external to the 
cabin will require periodic inspection and maintenance. Maintenance requirements 
have been considered at a gross level and time has been allocated tor scheduled 
maintenance at reasonable intervals in addition to approximately 15 percent of the > 
total time reserved for the unscheduled maintenance requirements. 

Maintenance in„the MOT cabin will normally be done in a shirtsleeve environment, 
although in event of a failure of the environmental control system or meteoroid 
puncture, it will be necessary for the crewmen to conduct the required repair i.n a 
pressurized suit. This places a constraint on the design and arrangement of the 
equipment. The approach will be to modularize the electronics and other subsystem 
components to various levels to make replacement of spare modules relatively easy. 
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Obviously all parts cannot be spared In orbit. More critical Items such a6 electronic 
components, actuators, automatic servo positioners, and other items which require •• 
high frequency of use will be made as standardized units and adequate spares 
provided. When a nodule has been replaced, it will be taken to the MORL for repair 
and test. 

8 

Much of the optical equipment such as mirrors, gratings, filters, etc. are passive jL 
elements and not subject to wear. Items such as motors, solenoids, drive mechanisms^ 
etc. are subject- to failure and wearout and are more critical items. Actual hours fj 
of operation considered for the optical sensors is not large, therefore, reasonable % 
periodic preventative maintenance should result in a low spares requirement. ,W; 

Checkout will be possible from the MORL by means of the telemetry link. In addition, 
a display console in the MOT cabin will include monitoring displays and controls j 
necessary for checkout ar.d fault isolation. 

When maintenance is required outside the MOT cabin, the crewman's activities will be 
monitored and assistance made available from within the cabin. Equipment items such 
as the star trackers, reaction control modules, door actuators, seconds iy mirror * 
positioners, interferometers used for maintaining secondary mirror alignment, etc. 
re^y&ra^pe rl odi c servicing and maintenance and necessitate crew activity in the space 
environment. Provisions are required for crew locomotion and restraint. One con- 
cept of such equipment is illustrated in Figure 4 - 5 * IMs is a movable seat and 
stirrup restraint device that is motoi -driven and actuated to position the can in 
various attitudes in the area of the secondary mirror for maintenance purposes. 

The seat and stirrup provides three reaction points for taking out applied torques. 

The unit is mounted cn a telescoping am which ha 3 two pivots and is mounted in a 
360 degree track. Electric motors with conveniently located slewing switches are 
used to move the man in a wide range of positions and attitudes. Four degrees of 
freedom are provided, and the unit may be locked in any desired position. Attach- 
ments such- as containers for tools, 6pare parts, and other maintenance items can 
be attached to the side cf the 6eat. This restraint and positioning device will 
be removable for repair or replacement and stowed out of the optical path when 
not in use. 

4.3.2 Operational Description of Shuttle Mode (Boeing Model No.- 94 S - 4 - 3 D) 

The shuttle mode of operation, one of the two selected for further stud)', is the 
detached concept in which thu MOT is maintained separate from the MDKL for the agro- 
nomical observations. For this approach, a shuttle vehicle is used for the frequent 
short duration trips required between the MORL and the telescope and allows shirt- 
sleeve environment during the transfer. It Includes the same docking provisions 
and mechanism as the Apollo logistics vehicle and can dock with both the MORL 
and MOT in the same manner* Stowage provisions for the shuttle are required on 
the MORL. 

In this mode, the MOT will be launched unmanned and rendezvous and dock with tie 
MORL for initial setup and preparation of the telescope for the astronomical 
program. When the MOT is ready for use, it will be separated from the MORL and 
will remain detached for extended periods of time. When crew activities, such as 4 
replacement of film or changing from one piece of optical equipment to another, are 
required, a shirtsleeve crew transfer into the shuttle is accomplished. After 
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checkout of the subsystems, the shuttle traverses to the MOT and docks. The MOT 
cabin pressurization is provided by the shuttle. When the cabin has been pressur- 
ized the entry hatch is removed and the crewmen can then conduct the required task. 
If egress to space is necessary, the shuttle serves as an airlock in the loop. 

For the shuttle mode of operation, the MOT requires its own electrical power source. 
Iherefore, solar panels are Included, as shown on the or* ital configuration, 

Figure 5*2-5. 

• 

When requirements for longer stay times or extended activities such as maintenance 
on the telescope become necessary, the MOT will be remotely docked to the MORL. A 
rigid attachment is made and an interconnecting crew transfer tunnel becomes the 
mode of entiy to and exit from the MOT cabin. In this configuration, electrical 
power, environment control, and orbitkeeping are provided by the MORL. 

4.3.2. 1 launch 

The launch requirements for the shuttle mode are basically the same as for the soft 
glmbal mode. 2he primary difference, however, is the addition of solar panels 
which would be deployed after separation from the booster. 

It is desirable to include the shuttle vehicle as part of an Apollo ferry vehicle 
launch. The scope of this study did not Include the design of a shuttle; however, 
the incorporation of a shuttle into the Apollo logistics module is considered 
feasible. The shuttle vehicle would be launched prior to the MOT so that It would 
be available for Immediate use. If necessary, in the activation of the telescope 
In orbit. 

4. 3. 2. 2 Rendezvous, Docking, and Orbi ^keeping 

For the shuttle mode the rendezvous and docking procedures are identical to that 
for the soft glmbal mode. Even though the shuttle mode utilizes the MOT separated 
from the MORL, it will be docked initially for setup and alignment . 

The operation orbital flight performance analysis for the MORL-MOT mission with 
respect to rendezvous, stationkeeping and orbitkeeping have been made under the 
following ground rules: 

1) Time average atmospheric density at 250 N Ml; attitude, (3*246) (1D“^) 

lbs/ft3. 

2) Representative weight of MORL plus two logistics vehicles plus two 
shuttle vehicles 83,600 pounds. 

3) Representative weight of MOT, 24,000 pounds. 

4) Effective I g p of propulsion system(s), 300 lbs/lb/sec. 

5) Stationkeeping performed by that vehicle which has the greater orbit 
decay rate. 
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The atmospheric density is based on an operational tine period of 19S0 for which 
the mean 10. 7 cm solar flux is projected to be in the vicinity of 240 (l0"^2) 
vatts/M^-cps based on the eleven-year solar cycle. This density is twice that 
of the U.S. Standard Atmosphere, 19&2, at 250 N Mi attitude. 

“Hie ballistic coefficient of the MORL varies with attitude Orientation from l4 to 
35 psf with long-term average estimated to be 25 psf. The ballistic coefficient 
of the MOT varies with attitude orientation from 15 to 48 psf with long-term 
average estimated to be 17»5 psf* As a result, the rates of orbital decay of these 
two configurations will vary with time so that sometimes the HOT orbit is decaying 
faster than the MORL orbit and at other times the roles are reversed. When not 
constrained by experimental or operational requirements, it may be possible to 
orient tne MORL so as to modulate .the separation of the vehicles. 

To minimize the orbitkeeping requirements, the vehicle having the larger orbit 
decay rate (lowest ballistic coefficient) will perform the stationkeeping maneuvers. 
Both the MORL and MOT will be required to perform stationkeeping operations, this 
partially meeting the orbitkeeping requirements. 

Ike most unfavorable possible combination of ballistic coefficients (w/C^A) occurs 
when the MOT is at minimum drag attitude, w/c^A « 48 psf, and the MORL is at max- 
imum drag attitude, W/C<jA «* 14 psf. This combination occurs only briefly since 
the MOT is inertially stabilized and only occasionally will its longitudinal axis 
coincide with the flight path. However, it is possible for the MOT tc be inertially 
oriented with its longitudinal axis normal to its orbit plane so that for extended 
periods of time it will be at maximum drag attitude, W/c^A * 15 psf. It is also 
possible for the MORL to remain at minimum drag (w/C-jA » 35 psf) during this time. 
For any extended period of time the most unfavorable combination of ballistic 
coefficients is 15 and 35 psf for the MOT and MORL, respectively. In this com- 
bination, the MOT orbit will decay faster than the MORL orbit. In order to keep 
the MOT within the vicinity of the MORL, it will be necessary to periodically 
apply a minute reboost to the MOT. Propellant requirements and procedures for 
these stationkeeping operations are discussed below. 

Based on the long-term average values of ballistic coefficient, the propellant 
required for orbit keeping by the MOT is 575 pounds per year, and the propellant 
required by the MORL is 1500 pounds per year with perfect systems. 

Ikese propellant allotments represent -reserves of only 25 percent for uncertainties 
in drag coefficient, atmospheric density fluctuations, guidance and control errors. 
Ikese minimal reserves are Justified in that, with logistic support systems as 
integral parts of the MORL-MOT operation, an unfavorable combination of uncer- 
tainties can be met with resupply. 

Since stationkeeping operations are performed by perturbing the vehicle with the 
lower ballistic coefficient, the frequency of orbitkeeping is determined by the 
decay rate of the higher ballistic coefficient vehicle. In the worst possible 
case, this ballistic coefficient would be 15 psf and the time required for the 
orbit attitude to decay from 250 to 247.5 N Mi would be 15 days. Consequently, 
orbitkeeping operations will be required 60 infrequently, even with a narrow att- 
itude tolerance, that such operations need not be scheduled outside of the station- 
keeping operations schedule. 
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Figure 4-7 shows the tirae required for the two vehicles to separate by one N Mi 
along the trajectory for various combinations of ballistic coefficients, beginn- 
ing with the two vehicles adjacent at zero relative velocity and independent of 
each other with respect to drag. Under the most unfavorable long-term combin- 
ation of ballistic coefficients, it takes almost nine hours for the vehicles to 
aeparate by one N Mi, so that even under the worst conditions the frequency of 
Stationkeeping should not introduce an operational problem, such as would occur if 
the time interval was something like two hours or less. A stationkeeping operation 
scheduled every nine hours is more than adequate to meet both station and orbit- 
keeping requirements and will be accomplished during the daylight period. Such 
a schedule should be considered representative and not optimum with regard to 
operations integration or propellant requirements. As the curves of Figure 4-7 
show, the time required approaches infinity as the ballistic coefficients of the two 
vehicles become identical. 

On the basis of average ballistic coefficients, the MOT requires 137 pounds of 
propellant per year to natch the decay rate of the MORL with perfect sensors and 
controls* However, in matching the MORL'e decay rate, the MOT is partially ful- 
filling its orbitkeeping requirements so that the propellant requirements for orbit- 
keeping will cover this stationkeeping requirement. 

When altitude of the MOT decreases faster than the MORL, and after an initial 
transient condition of less than half an orbit, the tangential separation increases 
proportional to the square of the time from separation. When the separation reaches 
1 H Mi a minute reboost impulse is applied to the MOT. The MOT is now in an orbit 
which results In the MOT lagging behind its undisturbed position with separation 
proportional to time. These motions are graphed in Figure 4-6 Ignoring minute 
cyclic variations, for the most unfavorable long-term combination of ballistic 
coefficients (15 and 35 psf)» The impulse applied is of such magnitude as to cause 
the MOT to slow down relative to the MORL and go behind it. by no more than 1 N Mi 
before overtaking it again. The next impulse is then applied when the MOT again 
leads the MORL by 1 N Mi. For the most unfavorable ballistic coefficient com- 
bination, a retro impulse of 0.29 fps is applied to the MORL at 8.97 hours after 
separation (Figure 4-8 ). The MORL catches up to the MOT at 12.3 hours, is 
1 H Mi ahead of 21.45 hours, and Is 1 N Ml behind the MOT again at 34.7 hours. 

The second MOT reboost is applied at MOT apogee passage just prior to 34.7 hours 
so as to keep the attitude separation reasonable while cycling through another 
catchup operation. 

For the Initial rendezvous operation, where the MORL is In orbit and the MOT is 
launched from the Earth, the AY allowance for rendezvous should be 125 fps over 
simple orbit injection so that the total maneuver A V at 250 N Ml is 380 fps. 

This allowance is necessary to cover tracking, guidance, and control errors and 
finite thrust- to- weight and burn-time effects. The allowance is perhaps conserv- 
ative, but more exact values require detailed definition of all the pertinent 
subsystems (tracking, guidance, control and propulsion) and detailed simulation 
of the rendezvous operation incorporating the characteristics of these subsystems.. 

The AY required to rendezvous with the MOT from a distance of 1 N Mi along the 
orbit varies inversely with the time taken to rendezvous; however, rendezvous 
times of more than several orbit periods are not always possible nor practical. 
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Ihe A V required to catch up and reduce the relative velocity in one orbit period 
is one foot per second vith perfect systems. The altitude difference can be re- 
duced ir. a separate maneuver in one half-orbit at a rate of 0.3 N Mi per foot 
per second. Then the t V required to rendezvous fro n 1 N Mi along the orbit in 
one to two orbital periods is about the A V penalty introduced by system errors. 

To reduce the horizontal and vertical separation in a single maneuver generally 
requires slightly mere A 7. 

A AV allowance of 20 fps for rendezvous ar.i itching free one N Mi vill provide 
for flexible rendezvous operation. With highly sophisticated system, routine ren- 
dezvous in about one orbit period should be possible with less than 10 fps, caking 
available core than 20 fps for rendezvous in 11 to 20 minutes when required. (With 
a thrus t - to- weigh t ratio of 0.03, the fastest rendezvous possible would be about 
3 minutes and would require 170 fps.) 

Orbitkeeping, stationkeeping, and rendezvous requirements introduce no serious 
' constraint on propellant requirements or operations of the MOT mission. 

4.3.2. 3 Deployment 

The shuttle vehicle is normally stowed on the MLRL and can be activated and posit- 
ioned by the deployment arr 3 in the sane manner that the Apollo logistics vehicles 
'are stowed and manipulated cn the MORL. Ctace the MOT has been docked to the MORL, 
the telescope can be converted to its orbital configuration. 

4. 3*2.4 Setup, Checkout, & Alignment 

With the MOT initially docked to the MORL, the telescope will be changed to its 
orbital configuration in a procedure similar to that used with the soft gimbal 
mode. The one function which is eliminated is the requirement for setting up the 
soft gimbal interconnection. During this period the MOM. will provide electrical 
power and MOT cabin atmosphere. 

In this case, the shuttle vehicle also requires a setup and checkout ope rati cm, 
which consists of checkout of environmental control, electrical power (batteries), 
propulsion, and communication systems. As required, expendables such as oxygen 
and propellants will be installed or filled. In addition to a structural inspection, 
the operating controls and mechanisms such as the docking and entry hatches will 
be checked. 

4. 3*2.5 Operation 

For operation of the shuttle mode, the MOT will be separated from the MORL. It 
has its cwn solar panels for electrical power and independent attitude and position- 
ing capability and will be remotely slewed to the proper target. Its solar panels 
are adjustable, but will be locked in a fixed position during the observation 
periods to eliminate possible disturbances. 

When it becomes necessary' for the crew to transfer to the MOT, they will activate 
and enter the shuttle and maneuver to the MOT, which maintains its inertial attitude. 
Once docked, the cabin will be pressurized free the suttle system and the crew 
will enter in a shirtsleeve environment. Upon completion of their tasks, the 
crewmen will re-enter the shuttle, depressurize the cabin, and return to the MORL 
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with the? film, plates, or other equipment. 
k. 3 . 2 . 6 Maintenance 

T^e maintenance requirements for the MOT are much the same for the shuttle mode as 
discussed under the soft gimbal node. For the shuttle node there are additional 
maintenance requirements for the solar panels and solar panel actuators on the MOT. 
Also, the shuttle vehicle will require periodic inspection, maintenance, and replace- 
ment of defective parts. Maintenance required for the shuttle vehicle will be 
accomplished at the MORL and will be somewhat independent from the operational 
requirements of the MOT. 


V 
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4.4 TBEUN2 AJTALYSIS 


During the study it was recognized that it vas necessary to establish a one»year 
astronomical program in order to estimate telescope operation time and resulting 
man’s participation. For example, the various experiment observations have varying 
requirements for monitoring, film replacement, exposure times, quantities of exposure: 
per target, and optics. To obtain maximum utilization of the telescope, each exper- 
iment was evaluated on an individual requirement basis and considered as blocks of tin 
with specific operational requirements. The approach was then to develop a typical 
experiment program conducting ell experiments in a logical order. Conducting all of 
the f/l5 observations before changing the secondary mirrors for the f /30 observations 
increases the useful telescope Line as it is estimated that this change may require 
as much as four days. The number of crew-transfer trips and their frequency results 
in a means of determining shuttle logistics requirements used to accomplish a mode 
evaluation. 

Two modes of operations were studied in developing the accompanying charts: 

o MOT 60ft gimbaled to the MORL - servicing via tunnel from MORL; 

o MOT in parallel orbit with the MORL - servicing via shuttle from MORL 
and/or docked with MOT. 

For the purpose of this study, it has been assumed that time expenditures for film 
replacement, scheduled and unscheduled maintenance, film processing and transmittal 
will be the same in either mode of operation. This is based on the assumption that 
the shuttle travel time between MORL and the MOT will be time-sequenced in parallel 
with the concluding portion of the previous MCT experiment, and assumes the same 
time function allocation for the docking and pressurization sequence of either mode, 
allowing the same time analysis to be used. 


Timeline analyses vere made for each of the astronomical observation experiments and 
integrated into a timeline analysis for a one-year period. These analyses cover 
only the operational period of the telescope and do not include the launch, orbit 
insertion, docking, or adjustment and alignment time periods. 


The following figures depict the development of the timeline analysis for the photo- 
graphic experiments for a oue-year period: 


Figure 4-9 Wide Field Photography (f/ 15 ). 
Figure 4-10 Low Dispersion Spectra (f/ 15 ). 


Figure 4-11 Large Scale Photography (f/30). 

Figure 4-12 High Dispersion Spectra - Visible (f/ 30 ). 

The detailed analyses for the various types of astronautical observations have been 
organized as a baseline from which other programs can be generated. In each case, 
the time for film, slides, or tape changes has been allocated as 2 orbits (3 hours). 
Each observation, therefore, incorporates a block of time for which a predetermined 




FIGURE 4-9; Wide Field Photography (f/15) 
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FIGURE 4-11 j Large Scale Photography - Stellar & Planetary (f/JO) 
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FIGURE 4-12: High Diapereion Spectra (f/J>0) 
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number of targets can be acquired before the recording media requires changing. 

Bach block of tine further lists the number of exposures, recordings, ar.d targets 
acquired for each of the astronomical observation experiments . 

Qhe MOT one-year program. Figure 4-13, integrates the blocks of time for each 
observation into a total progren, incorporating the scheduled ar.d unscheduled main- 
tenance periods, and the tines for changing mirrors into a planned sequence of 
events. In this manner, each series of observations relative to mirror settings 
is provided a degree of flexibility commensurate with divergence of opinion of obser- 
vation priority among astronomers. The time required to set up ar.d check out the equip- 
ment for each observation experiment is 5 orbits, (7*5 hours) and provides a 3 ■ orbit 
penalty if this option is exercised. Based on consultation with Dr. 2. Kppal, the 
program presented represents the best utilization of tine for the percentage allo- 
cation of telescope use. 

Scheduled maintenance periods, based on 3 percent of total time, have ceer. allocated 
in accordance with equipment reliability values and establish those periods of a 
one-year schedule where this type of maintenance will be required. 

Unscheduled maintenance, based on 15 percent of total time, has teen allocated in 
block periods of time for simplicity, recognizing that the occurrence of these require- 
ments could be highly diversified within the total program. The blocks of unscheduled 
maintenance, however, could occur at any time during one type of astronomical obser- 
vation experiment without significantly degrading the planned program. 

A program summary chart. Figure 4-lU, based on the one year program, indicates the 
resulting number of possible targets for each scientific experiment after deducting 
the time required to replace film and accomplish experiment setup and checkout. 
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4.5 DEFINITION OF LOGISTICS REQUIREMENTS 

The logistics requirer.er.ts for the MOT consist of scientific experiment expend- 
ables, subsystem expendables, and equipment spares. Ttoe experiment expendables 
include all recording media such as photographic film and plates, magnetic tapes, 
photoelectric sensor coolants, and developers. The subsystem expendables consist 
of attitude control ar.d propulsion fuels and atmospheric control supplies . The 
spares requirement includes non only the subsystems spares such as the electron- 
ics, propulsion, comrrmicaticns, ar.d mechanisms components but covers the sensors 
and optics spares for the experiment equipment. 

A matrix. Figure 4 - 15, indicates the scientific experiment logistics required for 
both nodes to support the astronomical program for one year. The volumes and 
weights for the film and plates have been calculated based on the number of exposures 
of a determined format. Individual casettes are considered and sized to be com- 
patible vith the frequency cf trips for replacements. For that equipment using 
magnetic tape, two 12 -pound Gemini -type recorders with tape will be provided. 

Each recorder includes 2hCC feet of tape which is adequate for the data recording 
requirements for each complete experiment. . The data being recorded in the MOT 
is also being telemetered to the MORL so there is no necessity for tape replace- 
ment in the MOT during the conduct of each e: . ■ riment. After completion of an 
experiment, the recorder will be replaced and return, d to the MORL for transmission 
of data to Earth. When assured of receipt of the data, t':? magnetic tape is erased 
and the recorder checked for use again. 

In the remote mode the subsystem expendables consist of attitude control and pro- 
pulsion propellant and SCS/atmosphere gases. Ifoese require a total weight of 504 
pounds for a 90-day period. This is based on transfer of the attitude control 
and propulsion propellant being done at the scheduled maintenance periods. The 
weight items include: 

0 MORL/MOT docking * 177 pounds 

o HOT orbitkeeping l44 pounds 

o MOT attitude control » 175 pounds 

o O 2 punpdown coss. * 369 pounds 

TOTAL * 865 pounds 


The entire logistics requirements for the MOT is dependent on the total number 
of trips between MORL and MOT (including those for unscheduled maintenance), the 
spares and replacement requirements for all of the subsystem components, and the 
spare 8 and replacement requirements for structural components and mechanisms, 
and cannot be defined at this time. 
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Figure 4-15: Scientific Experiment Logistics Requirement 

(One Year) 





















D2-Bto42-1 


4. 6 DEFINITION OF SHUTTLE REQUIREMENTS 


For the remote mode , & shuttle is utilized to accomplish the fre quent short -dura- 
tion transfer requirements between MORL and MOT. Ihe shuttle Is an independent 
vehicle sized to accommodate two men, logistics, and supporting subsystems. In 
addition to the requirement for a separate vehicle, the shuttle includes additional 
subsystems for propulsion, electrical power (batteries), communications, control, 
and environmental control. Spares and maintenance would also be required to support 
its operation. 

In the remote mode, the MOT cabin is pressurized from the shuttle subsystem but 
does not create an added pressurization gas requirement over the attached mode 
other than the tankage provision on the shuttle. Approximately 150 pounds of 
pressurization gas is provided on the shuttle and is sized for 30 - day capacity 
with capabilities to accomplish a transfer eveiy 2 days. In addition, approx- 
imately 500 pounds of propulsion propellant is reqiired by the shuttle to support 
the JO-day resupply period. 

TV> spares ai.d replacement, requirement for the shuttle subsystems and mechanisms 
are a function of operation time, frequency of use, and design factors and cannot 
be defined at this time. 


D2-&U0U2-1 


4.7 CREW REQUTREME! 's 


The MORL crev complement will include crewmen having specialized skills associated 
with the optical program in addition to the norrrjal MORL operation requirements. It 
is not necessary, however, that all crewmen qualify as experts in optics, astronomy 
and photography. Each crewman will be thoroughly trained in the .extravehicular act- 
ivities required for the setup and maintenance of the telescope. Mockups and simu- 
lators will be used to train the crew for the activities associated with the MOT 
system. The MORL crev complement will then include the capability for accomplishing 
all of the following tasks : 

o Initial Setup, Checkout and Alignment 

o Perform rendezvous and docking operation 

o Remove launch- support structure 

o Attach orbital supports for sensitive optical elements 
o Perform optical alignment 

o Activate and check out thermal control system 

o Activate and check out electrical power system 

o Check out all electrical and electronic subsystems, e.g. , computers, 
lighting, and communications 

o Check out MOT cabin environmental control system 

o Align and adjust prime focus equipment 

o Work In a pressure suit, utilizing special space tools 

o Experiment Control 

o Replace film slides, and tapes 

o Service, and adjust automatic film and tape transports 

o Monitor star patterns, focus, exposure reading, stability and 

thermal controls 

o Remotely advance film and change film and exposure times 
o Change primary and secondary mirrors, fccus and align 
o Manually slew equipment for gross orientation 

o Data Interpretation and Processing 

o Plate and film development in MORL 
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o Examine negatives and evaluate quality 
o Make enlargements of selected areas 

o Transmit portions of images to ground for "quick look" 

o Prepare data for return to ground via data capsule or ferry 
vehicle 

Overall Program Monitoring 

o Interpret program changes from the ground and interject in 
orbital operations 

o Remotely monitor HOT for proper operation 
o Perform periodic inspections ax.-d checkout 

o Perform unscheduled maintenance involving equipment repair and 
replacement 

Maintenance 

o Perform fault isolation of modular packages 

o Replace failed part 
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4.8 EVALUATION OF WO FINAL CONCEPTS 


The purpose of the evaluation was to assess the soft gimbal (948-41C) and shuttle 
(948-43D) concepts and to recommend the concepts which rated best using selected 
evaluation criteria. The criteria were identified during the first half of the 
study and served as a basis for comparing the various modes of operation. The 
two concepts which are assessed in this portion of the study differ primarily in 
mode of operation, therfore, the pi-eviously identified criteria are used. A dis- 
cussion of each of the criteria and its measure is contained in the following 
paragraphs . 

4.8.1 Technical Risk 

Technical risk is defined as the probability of systems not meeting design or oper- 
ational requirements by the specified operational date. In this evaluation, tech- 
nical risk is measured by assessing new and unsolved design problems which are 
required for each concept. 

•The shuttle concept requires four areas of development which are different from the 
soft gi ratal concept; a shuttle vehicle and separate electrical power, propulsion, 
and stability systems. Shuttle vehicle development should be relatively routine 
since it can be similar to the Apollo or Gemini vehicles. Electrical power and 
propulsion systems are also anticipated to be well within the state-of-the-art. Tn 
addition, MOT studies have shown that the separate stability system will be within 
the state of the art. For these reasons, the shuttle concept is assessed as having 
low technical risk. 

The soft gimbal concept requires development in the attachment of the MOT to the 
MORL, and the stability system must cope with MORL motions which are transmitted 
through the springs and the gimbal limits. A requirement for an angular fine point- 
ing error no greater than O.Oi arc seconds was established for the telescope * 

General Electric performed an analysis of the stability control system which indi- 
cated that performance is only slightly degraded. Additional pointing errors of 
less than 0.003 second of arc are introduced by the soft gimbal. The attached mode 
stabilization was assessed to be within the 0.01 second of arc requirements. There 
are some problem areas associated with the development of the soft girabai and there- 
fore the technical risk is considered higher than the attached mode. The technical 
risk of this system was assessed to be moderately low, compareu to low for the 
shuttle concept. 

4.8.2 Available Observation Time 

Efficient utilization of available observation time is a fundamental requirement 
in order to obtain the maximum amount of data from the Manned Orbital Telescope. 
Available observation time has been defined as the night time of each orbit, thus 
providing a maximum of 12 hours per day for actual observations. All of the orbital 
night times cannot be utilized for observations because of the requirements for 
equipment changes, maintenance operations, routine inspecvions, and servicing. Other 
factors affecting the observation time are travel from the MORL to the MOT, docking 
and undocking requirements, and pressurization and depressurization of the MOL cabin. 
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In order to assess the effect of these factors on the two modes, a sample astronaut! - 
cal observation program was established, estimates were made of the pre -experiment 
preparation requirements for each type of observation, cosed on a shirtsleeve 
environment. The total night hours for one year were assumed to be 4,380 for this 
analysis. A maintenance analysis indicated that 29 maintenance entries would be 
required for the soft gimbal concept and 31 entries for the shuttle concept. The 
two addition entries are considered for unscheduled maintenance of the solar cells. 
This results in slightly fever hours being available for observations for the shuttle 
concept than for the soft gimbal concept. Figure 4-l6 shows the effect of number of 
entries on the available obsei’vation time for each concept. As shown, both concepts 
have high availabilities and the differences between the two are not considered 
significant. 

4.8-3 Reliability 


Overall system reliability was measured in this study by the probability that the 
vehicle will oe available for operations. The reliability of competing MOT concepts 
is a variable which may be increased by the investment cf in-orbit weight, power 
and maintenance, and by increased preflight development effort. Since booster 
payload and flight schedules are relatively inflexible quantities, preflight develop- 
ment is limited and the primary reliability trade is one of MOT reliability versus 
the logistics requirements and experiment objectives. The primary limitation to the 
eurnmnt of experimental data obtained is, therefore, the total time* required to repair 
MOT equipment. In other voids, if sufficient payload is afforded to provide the 
necessary spares to make the ultimate reliability .practically unity, the only 
limitation to completing experiments is the availability of the experiment and 
support equipment. 


The unscheduled maintenance requirements for the two modes have been assessed to be 
approximately the same, with the primary exception being the solar, panels in the 
remote mode. Figure 4-1J shows the relative reliability levels for one year's 
operation. These differences are not considered to.be significant. 


The -reliability decrement associated with the operation of the shuttle is reflected 
•primarily in the safety analysis* Failures will generally result in either the need 
for spares or a 1 .ndonment of the. shuttle. This will be quite fes ilble since extra- 
vehicular raovemc t is being developed in existing programs.. - 

4.8.4 Sa: V v _ - 


Safety is measux-ed as the probable number, of fatal accidents per year of operation. 
The major safety hazards result from docking the MOT’ and the shuttle, radiation and 
micrometeoroids, and handling propellants, gases, and electrical equipment. 


With minor variations, the latter two hazards will be common to both of, the competing 

-modes'.''- ’ •••• v-." J . . '• 

4. 8. 4.1 Docking V • ■ •' 

'The docking of space vehicles is a fundamental requirement for all space programs of 
more than minimal objectives; therefore, considerable development nqf equipment" and'' - ~ 
techniques can be expected. ; However, the problems of orbi tar mechanics and the 
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relatively complex equipment that is require! will result in a significant probability 
of errors an! accidents; at least within the foreseeable future. Present docking 
concepts rely on the astronaut to a lahge extent, and human error is the primary 
cause cf potential failures. Whether an automatic servo control can be developed to 
satisfactorily replace the astronaut remains questionable, but until the weight 
limitations imposed by existing booster payload capabilities are less stringent, it 
appears likely that the astronaut will remain the primary , doc king controller. 


Considering the incidence of major landing accidents with fighter aircraft, a level 
of serious accidents of 0.0001 might be expected However, by proper design it should 
be possible for the shuttle to equal or improve the performance experienced with KC-13 
aircraft of 0.00002. 


Tests have shown that the human error probability of trained operators exceeds O.CCi 
per action. Considering that there must be at least one action per docking sequence 
which cannot be reversed (i.e., he is committed and cannot correct a mistake), this 
level could well represent the upper limit of decking accidents. 

4. 8 . 4. 2 Radiation and Micror.eteoroids 


The hazards resulting from radiation and micrometeoroids become significant only when 
the astronauts nrust go outside of the MORL, ' ?T cabin, or the shuttle vehicles, and 
consequently this hazard is related to the reliability of equipment such as the MOT 
doors, the reaction controls, and the repair of any docking damage. It was assumed 
that a suit similar to the Apollo suit would be used; and, therefore, the safety will 
be dependent on the Apollo suit requirement of 0.9999 probability of no serious 
hazard in 12 hours. 

4.8.4. 3 Handling Equipment 

It was assumed that two consecutive errors must be committed before a safety hazard 
would arise from handling propellants, gases, etc. Assuming that the incidence of 
human errors in the spacecraft and space environment is 0.001 or 0.002, the pro- 
bability of two consecutive errors will be C.0CCC01 to 0.000004 per reprovisicnirg 
or repair action. 

4 . 8 . 4 . 4 Safe ty Compar i s on 

In order to compare the competing concepts, it is necessary to estimate the probable 
level of each activity in order to determine the relative hazards. 

•The number of trips required for the one -year program plus approximately 17 trips for 
unscheduled maintenance resulted in 98 two-way trips or 19 8 Separate docking oper- 
ations. This would result in a cumulative potential hazard probability of 0.004 
(0.00002 X 196) for one year. 

Outside maintenance -is estimated to require about four man-hours- per month, which 
results in a safety hazard' of" approximately' 0.0004 per year. 

Equipment handling is estimated to require about ten potentially hazardous operations 
per month, which results in a hazard of 0.0001 to 0*0005 per year. 
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Figure U-18 shove the hazard levels for the tvo modes as a function of rubber of 
entries into the MOT per year. The shuttle concept has five times the hazard of 
the ginballed concept. 

4.8.5 Flexibility 

Flexibility is defined as the ability of a concept to perform alternate rissions 
without major modifications to the vehicle or equipment. Since both of che MOT 
concepts use the MORL as the primary vehicle, the fle;clbility of the tvo concepts was 
assessed in terms of the excess capability of the MORI equipment and manhours, and 
the ability of the concept zo perform! unscheduled MOT experiments. A review of the 
Douglas MORI reports shows that an excess of capability exists for the MORL vehicle 
under its normal operating mode. The criteria used to measure this capability are 
crew time, electrical power, storage volume, active volume, and weight. A summary 
of the available capability ar.d the percent utilization of each parameter is tab- 
ulated in Figure 4-19. 

FIGURE 4-19 

MORL EXPERIMENT CAPABILITY AMD AVERA® FIRST- YEAR UTILIZATION 


Support ?b.rameter 

Available 

Average Use 

Percent Utilization 

Crew Time ( manhours / day) 

45.8 

31.8 

69.5 

Electrical Power (watt-hem rs/day) 

46,cxx) 

12,217 

25.4 

Storage" Volume (cu ft/day) 

1,100 

787 

71.6 

Active. Volume (cu ft/day) 

3,700 

183 

4.9 

Weight* (pound# Inass) 

19,300 

20,850 

26.3 


* Based on the 6,300 pound laboratory discretionary payload plus the cargo delivery 
capability of six logistics launches scheduled during the first year, less 21,000 
pounds of facility support requirements. 


The shuttle concept requires only a small amount of MORL storage space for spares 
or propellant, electrical power, and weight. However, the shuttle will use more of 
the available manhours than the ginbal concept. The soft gimbal concept may require 
more storage capability than the excess available from the MORL requirements since 
all spares must be stored in the MORL. In addition, the soft gimbal concept will 
use more MORL electrical power and weight, but it is doubful that all the excess 
capability of the MORL will be required. The ability of the tvo MOT concepts to 
perform unscheduled MOT experiments was assessed on the basis of two considerations; 
changing equipment to perform another experiment (change from tape to film, etc.), 
.and slewing the telescope from one target to another. It was concluded that the 
: iioft ' gimabl concept offered greater flexibility in terras of making equipment changes, 
band the. shuttle concept greater flexibility to slew from one target to another since 
k . : -7 less mass is involved and the slewing can be accomplished remotely. 


The two concepts were rated good in terras of flexibility, since neither was considered 
to be significantly different. More detailed analyses are required before it can be 




d2~bkOk2-l 


determined whether the ctr.cepte will require more electrical ; ewer and volume t/ian 
the excess cancel! L\ 


:f the MCRL. 


h.c.t Access i bill tv to .’'at. 


The accessibility oi the hit? to the c rev members was considered to be an important 
criterion, since it reflects the ease with which the crew can accomplish their 
servicing, checkout, and maintenance tasks. The shuttle concept requires approx- 
imately one hour for the crew to travel from the MORL to the MOT. In addition, 
maintenance tas.:s may require spares that are stored in the MORL, and an additional 
trip .may be required before the maintenance can be completed. If several skills are 
required to repair sr.d check cut the equipment, it may be necessary to make more than 
one round trip with the shuttle just to transport men. The soft gimbal concept rates 
best in teims of this criterion since all men and spares are at a close proximity to 
the MOT. The soft gimbal concept is given a rating of good and the shuttle concept 
a rating of fair. 

h.’8.7 Man’s Ability to Perform Assigned Tasks 


The nan! xirs required to perform the MOT servicing, setup and checkout, and mainten- 
ance operations are used as the measure for this criterion. A typical year’s oper- 
ation of the telescope will require 110 entries into the telescope cabin for the 
soft gimbal concept. An extra two entries will be required for unscheduled main- 
tenance for the shuttle concept, due to the complexity of the electrical power 
system. A comparison of the manhours for each concept is tabulated in Figure 4-20. 

.FIGURE 4-20 . 


MOT MANHOURS FOR ONE YEARS OPERATION 


Telescope Entry 

?Iumber/ 

Elapsed 

Manhours/ 

Total Manhours/Year 

Requirement 

Year 

Time/Entry 

(Hours) 

3 

Entry 

Gimbaled 

Shuttle 

Servicing 

71 

6 

426 

426 

Setup and Checkout 

10 

7-5 

15 

150 

150 

Maintenance (unscheduled) 

15 

24 

48 

720 

720 

10 

96 

196 

I960 

I960 

Maintenance (short duration) 

4 

72 

144 

432 

432 


2 

1*5 

3 



6 

Shuttle Travel 

98 

2 

4 

y» m 

392 

Shuttle Maintenance 

98 

1 

2 


196 

Shuttle Loading &. Checkout 

98 

0.75 

0.75 


74 

TOTAL 




3688 

4356 
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A comparison of the effect of number of MOT entries on the manhours required for 
each concept is shewn in Figure 4-21. As shown, the gimbal concept requires the 
fewest total manhours for a year’s operation. If a crew of six is used, the MORL 
experiments car. be accomplished leaving an excess of 5,110 manhours per year. 

Since both concepts require considerably less than this excess, the difference 
between the two ray not be significant. 

t 

4.8.8 Logistics Weight 

The logistics weight "equired tc support the MOT concepts is an important criter- 
ion because it is a factor in determining the frequency and mode used to resupply 
the concepts. The two concepts are compared on the basis of the weight required 
for spares and propellant to sustain operations for a one year period as a function 
Of the number of entries into the MOT. Figure 4-22 shows that the shuttle concept 
rates better in terms of this criterion since it requires 1000 pounds less weight 
for the estimated 110 entries per year. However, if the number of entries exceed 
140 per year, the soft gimbal concept will require less weight. 

4.8.9 MORL Interface Constraints and Requirements 

The interface between the MOT concepts and the MORL is evaluated in terns of the 
ability to perform MORL experiments in addition to the MOT experiments. The MORL 
experiments. were reviewed and analyzed to determine whether they could be performed 
in conjunction with the MOT experiments. The MORL mission has the following required 
categories of experiments. 

o Biomedical 

o Behaviorial 

o Biological 

o Orbital Environment Measures 
o Astronomy 
o Space Sciences 
o Physics Experiment Environment 
o Materials and Structures 
o Communications 
o Navigation 
o Ge,s and Liquid 
o Space ^technology 

o Orbital Launch Operations . 
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It was decided that only two categories of experiments required a specific orienta- 
tion of the vehicle; astronomy and space sciences. Since the astronomy experiments 
can be accomplished with the MOT, the flexibility of the two concepts was evaluated 
in terms of the ability of each concept to perform the space science experiments. 

The shuttle concept does not require a specific MORL orientation, therefore, it can 
accomplish all of the MORL experiments as long as there are sufficient manhours 
available. The soft gimbal concent requires that the MORL concept be oriented to 
the attitude required for the MOT experiments except when the MOT is being serviced, 
maintained, or repaired. If it is assumed that the space science experiments can be 
accomplished in short periods of time (three hours to four days), the flexibility of 
the concept can be evaluated. Utilizing the hours during MOT maintenance and setups, 
approximately 98 percent of the MORL experiments can be accomplished with the soft 
gimbal concept as shown in Figure 4-23 * Therefore, the shuttle concept rates better 
in terms of this criterion. 

4.8.10 Recommendations 

A comparison of the concepts is shown in Figure 4-24. Each concept was assessed for 
one year’s operation using the criteria shown, and the resulting values tabulated. 

As shown, the soft gimbal concept rated best in terms of available obser-r.pion time, 
reliability, safety, accessibility, and man's ability to perform assigned tasks. 

The differences between the two concepts are not considered to be significant except 
for safety, accessibility, and man's ability to perform assigned tasks. The shuttle 
concept rates significantly better than the soft gimbal concept in terms of technical 
risk and logistics weight. Since the two concepts are essentially equal for many of 
the criteria, a recommendation is difficult. However, the soft gimbal concept rates 
better for more criteria than the shuttle concept. In addition, the trends shown In 
Figures 4-l8 through 4-23 favor the soft gimbal concept with increasing number of 
entries into the MOT cabin. Since arrangements of the observational program ether 
than that used in the timeline analysis could result in a greater number of entries, 
these trends demonstrate a significant advantage. Therefore, the soft gimbal concept 
is recommended as the best mode of operation. 
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it. 9 SUMMARY OF PROBLEM ARFAS 


At present one of the major problem areas is the dexterity limitations of man in 
a pressure suit and zero -r environment. It is anticipated that considerable improve- 
ment will be made by 1950 in these areas. 

These limitations affect the design of structures for assembly and disassembly in 
space. Adjustment and alignment devices, as well as maintenance and replacement of 
components, are also affected. Mar. and equipment must be protected from damage due 
to dexterity limitations for suited and shirtsleeve man in a zero-g environment. 
Adquate hand and foot holds, restraints and padding must be provided to afford 
protection for both man ar.l equipment. Svery effort must be made to reduce main- 
tenance problems. Spares components must be designed and packaged for most efficient 
removal and replacement. 


Man must become proficient in the use of space tools and restraint devices. Con- 
siderable time on ground training simulators must be acquired to obtain optimum 
proficiency. 

Slight temperature variations will introduce gross errors in the various telescope 
subsystems. Detection of these errors may be very difficult and time consuming. 
Therefore, the installation and mounting of the mirrors, optics, spectrometers, spec- 
trographs, cameras, and photometers must be controlled to virtually eliminate temp- 
erature differentials. 

The MORL will -be modified to provide tail docking with the MOT, access hatch and tunn 
from MORL to MOT,, pressure cabin and interior arrangement changes. . The ch ang es in 
the MORL interior will include provisions for visual docking, film processing, and 
inspection. Remote controls and displays will be provided for MOT maneuvering, film 
transport, filter changes, monitoring focus, exposure reading thermal control, 
communications, etc. In addition, the MORL will .provide pressurization capabilities 
for the MOT cabin. 
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5.0 d 33100 i GUPomo:: rrnrmic:: 

5.1 approach h desk:; developxe;;t 


A baseline telescope configuration was developed, including all basic optical and 
scientific subsystems and associated structural support. It was used to examine 
all methods of operation and the various design requirements of these methods. 
Development of this baseline configuration is described in detail in Section 4-.1. 
The remainder of this Section details the operational configurations considered 
and developed, structural considerations, subsystems, controls, thermal con- 
siderations, and other operational systems. 
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5-2 CONFIGURATIONS 


5-2.1 General 


Conceptual vehicle configurations were generated to provide the design data neces- 
sary to establish technical feasibility and to select the best operational netted 
and design of the observatory. Study requirements and design areas in which the 
conceptual configuration data presented in this section contributed to the study 
objectives are : 


1) Definition of a feasible structural arrangement of the basic telescope mirrors, 
cabin, and scientific equipment, and supporting subsystems; 

2) Definition of vehicle geometry and mass characteristics for analyzing and deter- 
mining solutions for attitude control, thermal control, and optical geometry con 
broj. « j.ne vehicle configuration used is also required to be compatible with the 
launch vehicle and operational functions; and 


3 ) Provision of an engineering oasis for analyzing design problems associated vith 
man’s role, design and installation of major subsystems, and operational funct- 
ions for astronomical observations. 


Many design requirements of the MOT are relatively independent of the method of 
orbital operations. In general, these requirements are associated with basic tele- 
scope elements such as the primary and secondary' mirror, experiment equipment, the 
cabin, and the primary structure which ties these elements together. This part of 
the MOT vehicle is called the "baseline telescope configuration." The design re- 
quirements associated vith orbit functions vary with the different modes of oper- 
ation. These design requirements are handled by the addition of interface structure 
and subsystems to the baseline configurations. The complete MOT observatory system 
is called an operational concept.' Design features of the two most promising oper- 
ational concepts are presented in Paragraphs 5-2.2 and 5-2.3. The data includes 
conceptual drawings and brief descriptions denoting differences in both the launch 
t 1 orbital configurations. 


Ofce baseline telescope configuration which was generated in the last phase of study 
and which was utilised in defining the final two operational design concepts is pre- 
sented in Figure 5-2-2- Design of this vehicle is based upon the geometry fixed 
by the f/k primary mirror optical system and upon the requirements for a structural 
support arrangement that can satisfy launch leads and provide acceptable thermal 
and dynamic characteristics for orbital operation. The optical system geometry is 
defined in Section 3 - The significant dimensions are noted in Figure 5.2-1, which 
is an optical schematic depicting the mirrors and focus planes for both the F/l5 
and f /30 systems. Configuration design studies influenced the selection of the 
optical system geometry by imposing the following requirements ; 

o The sUe of the secondary mirror and its mounting structure is restricted 
to a permissible light blockage of the primary mirror. For the purposes 
of this study, a 39 -o-inch diameter was used as tyhe maximum acceptable 
for the secondary mirror and housing. This diameter corresponds to an 
obscuration ration (secondary dia. /primary dia.) equal to O. 33 . 


Ilk 
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120-INCH f/4 BASELINE CONFIGURATION 








o Folded light paths of the f/l> and f/30 mirror system at the Carsc-grainian 
focus have to be compatible vlth a folding mirror' and experiment equipment 
installation arrangement. 

The lengths of the folded light paths that could be handled within the cabin deter- 
mined the finar location of the secondary mirrors relative to the primary mirrors. 
Selection of an experiment equipment arrange cent and folding mirrors were also the 
dominating factors in determining the- shape and size of the cabin. 

The cabin is a cylinder with flat, pressure-type bulkheads on both ends. This shape' 
provides volume and space in which a feasible arrangement can be provided for mount- 
ing the scientific equipment and for accomodating crew requirements. A double shell 
tubular structure is used for housing the telescope mirrors. The exterior shell is 
attached to the forward end of the cabin and extends the full length of the telescope. 

To obtain the desired shading from Earth radiation while keeping within a reasonable 
height for the launch configuration, a telescoping section, which is called an "Earth- 
shade", was used at the forward end. This telescoping section is extended and fixed 
into position after the vehicle is in orbit. The Earthshade, which is sometimes re- 
ferred to as the heatshleld, was incorporated in the baseline configuration as a re- 
sult of the thermal analysis. Purpose c shade is to place the secondary mirrors 

and doors inboard of the end of the ;ele _ .:e shell which is exposed to Earth radia- 

tion. The doors in the open position should be in a uniform temperature zone so that 
when they are closed they have little thermal effect on the primary mirror. In the 
closed position, the doors also require thermal insulation to control their heat tran- 
smission when their outer surfaces are exposed directly to the Earth emitted and re- 
flected radiation in the daylight half of orbit. The baseline drawing depicts a 
method for deploying the extendable Earthshade which utilizes four track and rollers 
spaced 90 degrees apart on the periphery of the fixed outer shell. An open frame 
structure is added to the aft end of the shade to provide increased L/D for guiding 
during deployment . 

The inner shell of the double wall design is the rain structure which supports or 
ties together all elements of the optical systems. The complete inner shell, mirrors, 
mirror support structure, and platen for mounting the scientific equipment are attached 
to tne cabin by a six-bar cantilever truss design, in which the entire assembly is 
suspended on three structural attachment points. The overall arrangement of the two 
shells and three point mounting is used to decouple the optical system from the outer 
shell and cabin for thermal isolation and to minimize mechanically- induced structural 
distortions. The three-point mounting also permits the plane of attachment points to 
tilt without inducing stresses into the optical support structure. Since the platen 
to which the experiment .equipment is mounted is located inside the cabin, a flexible 
bellows is shown between the platen tubular support and the cabin bulkhead. This 
permits the cabin bulkhead to be deflected by pressure and temperature variation 
without producing strains on the optical system structure. 

A remotely operated door in the aft end of the platen support tube is used for 
pressurization of the cabin. Both of the two final operational concepts utilize 
a docking system; therefore, the combination docking nechauism and crew transfer 
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tunnel is shown as part of the baseline-. This design will be the same as that used 
on the MORL for Apollo- type logistic vehicles. 

The primary mirror is mounted on three-point tangent bars, designed to minimize 
heat- shorts and structural distortions. During boost to orbit, the primary mirror 
is structurally decoupled from the tangent bar mounting and floated on pneumatic 
bladders to insure that the mirror will retain its figure. Doors on the front side 
of the mirror serve a dual purpose in that they are used to protect the delicate . 
optical surface from foreign material and also to provide structural support for 
tne pneumatic bladders. 

Secondary mirrors located at the forward end of tne telescope are mounted In a 
control cell, which in turn is supported by four radial truss type spokes attached 
to the inner shell structure. Control cell design provides a five axis automated 
control for aligning the secondary mirrors. On the aft side of the mirror support 
struts, a crew constraint mechanism is shown in a stowed position. This mechanism 
is mounted in a track which runs around the inner diameter of the wall structure. 

A combination of motorized mechanical joints, an extendable arm and movement around 
the track provides crew positions for work on the secondary mirror vbile constrained 
to the seat of the device. The drawing also depicts the mechanism used for remov- 
ing and stowing the f/l5 secondary mirror. The doors located forward of the secon- 
dary mirrors are for these operational periods when it is desired not to have the 
optical system exposed to the external environment. More detail descriptions of 
the optical system's design and installations are presented in paragraph 5*2- 5* 

The star trackers required by the guidance system are basically the same for all 
operational concepts; therefore, they are included in the baseline configuration. 
Installation ::-qvirement for star trackers on the MOT calls for an arrangement of 
individual trackers having a 90-degree field of view to cover a total spherical 
field. Each star tracker should be mounted to structure on which its dimensional 
alignment can be maintained with the optical axis of the telescope. Careful 
attention was given to decouple the telescope optical mirrors and supports fran 
the outer thermal protective shell. In the case of the star trackers they should 
be mounted to optical structural elements and their mounting structure must extend • 
beyond the exterior surfaces of the MOT to accommodate the field of view needed*- 
These requirements establish limited locations for mounting of the trackers. The 
first choice is to mount the trackers directly to the primary mirror and the second 
choice is the primary mirror support cell. Tne first choice creates a direct thermal 
short to the primary mirror which must be avoided. The second choice was, therefore, 
selected for the baseline configuration and the installations. The minimum number 
Of trackers required would be six if the vehicle could accommodate an installation 
at the ends of the telescope for pointing fore and aft along the optical axis. 
However, there is structural blockage of the field of view of these trackers when 
mounted on the primary mirror cell; therefore, two additional trackers are required 
for total spherical coverage, inci*ea6lng the total number required to eight. In 
the case of the soft girabal concept. Model ?4S-UlC, the total field of view is 
still less than desired due to the view blocked out by the MORL structure, the 
solar panels being the largest offenders. 

5.2.2 Operational Concept Mode, Model No. ?4$-Ul 

Operational concept Mode I is a design in which the baseline 120 -inch telescope is 
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docked and then penaanently coupled to the MOPX. Bie conceptual design shown in 
Figure 5.2-3 Is an orbital configuration of Model No. c jhQ~kl which utilizes a. 
structural attachment consisting o. an open frame type support.., manually attached 
to the MORL, and a soft spring suspension girabal design. The telescope is shown 
attached to the end of the MORL opposite that used for docking ard storing logistic 
vehicles. This location was selected so the telescope would not interfere with the 
MORL logistic operations and other experiments. 

The MOT is docked to the MORL in essentially the same' manner as an Apollo logistic 
vehicle is docked, except the MOT is unmanned and must be remotely controlled by 
the MORL. Similarly, the same combination of docking mechanism and crew transfer 
tunnel used between the Apollo and the MORL is shown for the MOT. In this partic- 
ular application, the crew tunnel and docking structure is a telescoping design 
to accommodate decoupling. of the docking interface during periods of astronomical 
observations. 

Sections of the gimbal support structure required to be permanently attached to 
the MORL are hinged for stowage during launch and can be swung into place and 
fastened to the MORL by crew members working in spacesults. The gimbal assembly 
is located at -the center of gravity of the MOT, with the outer ring attached 
to the end of the girabal support structure by three sets of springs located around 
the periphery, 120 degrees apart. There are also three sets of position actuators 
mounted on the gimbal support structure which straddles the springs. These position 
actuators will acquire the MOT and position it for engaging the crew transfer tunnel. 
They are also structurally capable of supporting the MOT when the total observatory 
is sieved to acquire new astronomical targets, when the MORL is thrusting for orbit 
keeping, and when logistic vehicles are docking to the MORL. With the telescope 
in operation, the position actuators are retracted and the MOT floats on the spring 
suspension system. Clearance is provided between the MOT and the MORL structure 
to accommodate rotational and translational displacement of the MORL relative to 
the MOT. Displacements are based on man’s disturbance and on tbs limit cycle of • 
the assumed attitude control system for MORL. The design principle of the soft 
gimbal is to reduce the MORL disturbance forces to a level in which the resulting 
torques imposed on the MOT can feasibly be handled by a fine stabilization control 
system, while still transmitting the small forces necessary for orbit keeping. 

Inertial attitude differences between the two vehicles ax*e handled by a tvo-axis 
gimbal, but an attitude change of the MORL results in a displacement at the gimbal 
location or CG of the MOT. This displacement, along with pure translational dis- 
placement, is handled by mounting the gimbal in a spring suspension system which 
has four degrees of freedom and spring rates that give the required amount of force 
attenuation. Spring rates are basically governed by the stroke associated with 
maximum displacement, the distance between the point of applied force and the MOT 
CO, the maximum permissible torque, thex-eby Induced, and a requirement that the 
springs must accommodate gravity gx-adient forces and the forces due to differences 
of aerodynamic drag between the MORL and the MOT. Design analysis of the spring 
suspension system is described in Section 5 . 3.2.1*. 

above description of the soft gimbal design concept denotes the structural 
int> .'face requirements imposed on the MORL. MOT operations, in addition, impose 
system interfaces and modifications to the MORL subsystem. For purposes of this 
study, it was assumed that electrical power and atmosphere for life support would 


120 











i 


. j 

f i 


/ 



m 0R8H 



mo i~ 

1 

1 

r 

t 



<h fa 








D2-840U2-1 


be piped into the MOT from the MCRL thru umbilical connections. A final design 
? selection that my differ from this assumption would alter the operations analysis 
and possibly vehicle designs but would not affect the price opei'ational character- 
istics of the concept or feasibility. Other MORL subsystems that would require 
modifications are communications and data management, attitude- control, orbit 
keeping, resupply equipment handling, environmental control, and possibly crew 
systems . 

The only significant effect this operational concept has on the observation per- 
formance of the MOT is In the area of attitude control. An analysis of the 
. control problem is presented in Section Installation of the star trackers 

required by attitude control is affected because the MORL, with its large solar 
panels, causes considerable blockage of the total field of view desired for the 
trackers. Feasibility of using trackers mounted on the MORL structure for coarse 
acquisition of an astronomical -target has not beer., evaluated. 

A launch configuration with MOT Model No. 9^6-^ 1C installed on top of the S-IV 
stage of the Saturn IB booster is shown in Figure 5'2-k. The MOT is packaged 
within a jettisonable boost shroud, similar to the Apollo LSM Adapter design 
concept. The boost shroud, which includes the nose cone section, is Jettisoned 
after Saturn IB first stage burnout. By this technique, the payload to orbit is 
only penalized by approximate! y 12 percent of the boost shroud actual weight and 
the MOT primary structure need only satisfy the boost inertial loading and the 
orbital operation design requirements. At present, it appears more efficient to 
Jettison the boost shroud and use the weight in orbit for selective structural 
design, selective insulation, and to provide an exterior surface coating protected 
from launch environment. 

. The MOT is supported on top of the S-IVB by a truss-type structure which transfers 
the flight inertial loads into the outer booster structure at six hard attachment 
points. Separation of the MOT from the S-IVB is also affected at these attach- 
ment points, which are located at the same separation plane as that used for the 
Jettisonable boost shroud. 

In the flight to orbit, the S-IVB (2nd stage of the Saturn IB) places the MOT in 
a phasing or holding orbit. The S-IVB is then separated from the MOT, and the 
two 1,000 pound thrust rocket engines shown near the aft end of the MOT cabin are 
used to perform the orbit transfer associated with the rendezvous maneuvers. Pro- 
pulsion requirements for the terminal docking maneuver are handled by the reaction 
control Jets, which are also used for attitude control and desaturation of the MOT 
control moment gyros. Noted on the launch configuration drawing are special designs 
and removable boost s tincture used to protect telescope systems during launch. The 
primary mirror is supported on pneumatic bladders and structure is added to remove 
loads from the gimbal bearings and spring suspension system. Additional removable 
boost structure, not shown on the drawing, will be required to protect the experiment 
equipment and platen -type support within the cabin and to protect the secondary 
mirror control cell. The extendable section of the telescope outer shell is in the 
retracted position for launch and remains in this position un'.il after the MOT is 
docked to the MORL. 

5*2.3 O perational Concept Mode III, Model No. Q48-43D 

Operational concept Mode III is a design in which the baseline 220-inch telescope; 
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is provided with subsystems for operation in orbit decoupled from the MORL. The 
complete MOT observatory system designated Model $'hc-ky) utilizes a shuttle vehicle 
to ferry crew and equipment between the KOHL and MOT for routine servicing. The 

MOT also has maneuvering and guidance capability to dock with the MORL, which pro- 
vides the operational concept with long period, direct access for crew parti cipati or 
which 1b considered Important for initial activation of the telescope and for major 
maintenance or repair. The initial setup and checkout of the optical systems may 
require weeks in orbit due to the time required to stabilize temperatures in the 
mirrors and supporting structure. 

The conceptual design shown in Figure 5*2-5 is the orbital configuration of the 
MOT when it is detached for astronomical observation. Included on the drawing 
is an illustration depicting a shuttle vehicle docked x,o the MOT cabin. An Apollo 
type shuttle design was used to show concept feasibility. The docking and crew 
transfer designs used in the Apollo/logistics vehicle concepts developed for M A RL 
are also shown for the MOT. By using a common design, the shuttle would be docked 
and stored on the MORL the same as the logistic vehicles. On the other hand, if 
the same basic structural design is used, the shuttle can be delivered to orbit 
simply by interchanging it with a command module in the logistics launch config- 
uration. 

The MOT orbital configuration, for operating separated from the MORL, is required 
to have the following onboard subsystems: reaction jet subsystem to supplement 
the control moment gyro system used for target pointing; propulsion for orbit 
keeping or maintaining its orbital position relative to MORL and for docking man- 
euvers; electrical .power supply; and electronic systems for communications, data 
handling, and attitude control. 

The orbital configuration (Fj - e- 5*2-5) depicts only those subsystems which are 
added externally to the basel^.e configuration. The other ecosystems are packaged 
within the telescope cabin. 

Hie electrical power supply is a solar cell/fcatteiy syst^v. Two foldout-type 
solar panels are shewn which are sun-oriented by arclo melons of the panels about 
one axis and rolling the telescope for the second a.v.. , of control. The panels are 
locked in a fixed position for astronomical observ a : vc. 

Four clusters of variable-thrust reaction jet subsystem are used for all propulsion 
requirements associated with attitude control and space maneuvering functions except 
initial rendezvous. A throttling ratio of approximately 10:1 is required to cover 
the range between low torque thins ters for control moment gyro desaturation and 
thrust levels used for docking. The propellant tanks for the reaction control 
system are located midway between the Jet clusters and on the CG of the vehicle's 
pitch and yaw control axis. Tills location minimizes the CC shift with propellant 
usage o Two 1,000 -pound- thrust rocket engines located at the aft end of the cabin 
are used for the orbit transfer maneuver associated with initial rendezvous. These 
engines and tank con be either jettisoned or retained for further use. Some of the 
antennas required for communication and guidance are also noted on the referenced 
drawing. 
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Figure 5.2-6 is the orbital configuration of the MORL and the MOT doc Red together. 
Compared to Model No. ykb-hlC this concept utilizes the existing docking port on 
the MORL for docking the MOT which is normally used for logistic vehicles. It is 
assumed that the times MOT would be docked can be scheduled so as not to interfere 
vfth the MORL logistic operation. This approach minimizes the structural design 
changes required on the MORL but the operation requires a special docking mechan- 
ism design. 

Probe and drogue design used on the MORI, concept requires the proble section to be 
installed on the shuttle; therefore, the MOT must have a drogue cone section the 
same as MORL. Using the same docking ports for docking the MORL and MOT together 
thusr requies one of the cones to be resplaced with a probe unit. Launch configur- 
ation of this operational concept is shavm in Figure 5*2-7' The only changes in 
this launch configuration compared to Model No. 94-8-4-1C (Figure 5«2-U) are those 
in the boost shroud. Removal of the soft ginbal structure permits the conical 
section of the shroud to be slightly smaller. 
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5.2.4 Configuration Mass Analysis 

This section contains an analysis cf the mass properties of the MOT and the shuttle 
v ehicle, including the integrated logistics requirements for the two proposed modes 
of telescope operation. 

The mass of the MOT itself has been functionally divided between the optics, 
structures, mechanisms, thermal control, and operating subsystems. The interface 
between optics, structures, and mechanisms cannot be sharply defined. For conven- 
ience in reporting, those structural items and mechanisms associated with direct 
control or support cf the telescope optical surfaces have been included with 
optics. Thermal control includes passive insulation and radiation exchange sur- 
faces. The active temperature control components are included with the environ- 
mental control/life support (EC/LS) subsystem. Experiment packages are grouped as 
t. separate subsystem. 

The two shuttle configurations selected for detailed mss analysis are shown on 
Figures 5*2-3 and 5.2-5* The total mass of Model 948-41C, the gimbal concept, is 
less than the shuttle concept due to fuller utilization of the MORL subsystem. 
However, the girabal concept will require MORL weight increases due to structural 
modifications. Model 943-43 D, the shuttle concept, requires mass transfer by 
shuttle to sustain it during its operational periods away from the MORL. Many 
components are common to both concepts, but because of differences in the mass of 
interdependent items, the two modes have been analyzed separately. 

5. 2. 4.1 MOT Mass Analysis Parameters 

Spatially, the MOT can be divided between the telescope and the cabin. The tele- 
scope mass analysis is based upon the x'ollowing major parameters: 

o Inner, outer, and Earth-shade tubes of one-inch aluminum honeycomb 

o Probability of no telescope meteoroid penetration of 0.95 fv.r 3 years 

o Thermal protection of 1-inch supet insulation, over inner tube 

\ 

o Be ry Ilium primary mirror — cell construction 

o Quartz secondary mirrors — solid construction 

o Main supports of titanium 

o Thermally insulated supports of fiberglass 

o Auxiliary ooost structure and bladders are removed after initial 
rendezvous 

The structure of the telescope consists of the inner tube, outer tube, telescope 
doors, extendable shade, and attachments not directly associated with control of 
the optics. The inner, outer, and extendable shade tubes are of the same sandwich 
construction, having 0.010- inch aluminum x^aces with a one-inch core of 3.0 lbs/ft3 
honeycomb. Unit mass of each, including rings, bond, and closures is 0.6 9 psf. 
Cover doors are of similar construction, but- have a unit mass of 1.10 psf due 
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to added closures and reinforcement 3 . The hinges, hinge ring, and mechanisms are 
also included in the cover door total mass of 151 pounds. 

The cabin is a pressure cylinder with flat heads. This configuration has evolved 
from Boeing studies of the Multipurpose Mission Module (MMM) for the KASA-A2S. 

These studies indicated that for the same usable volume, a flat head design using 
tension ties between the two heads is comparable in weight to designs using spherical 
segment domes. Wall construction and thermal protection ere essentially the same as 
that proposed for the MMM, with the exception that the meteoroid bumpers are removed 
from all but the aft head on the Model 9 l( -8~43 D cabin. A renoveable head feature, 
designed for the MMM to allow removal of the aft flat head, has been retained. The 
following parameters used for the cabin mass analysis are common to both the ginbal 
and shuttle modes: 

o Flat heads are O.C71-inch aluminum waffle skin supported by 12 radial 
beams attached' to 12 peripheral columns 

o Cylinder is 0. 056-inch aluminum 

o Thermal insulation is 0.5-inch super insulation inside cabin vails 

o Experiment packages are mounted on the instrument platen 

o Subsystem packages are mounted on the aft flat head radial beams 

o Propellants and tankage for l8o days operation are included at launch 

o Initial rendezvous propellants are stored separately in a removable tank/ 
engine assembly 

o Cabin Is unpressurized when not occupied 

o Cabin atmosphere when occupied is 50 percent Og - 50 percent Ng at 7»0 psi 

o Auxiliary boost structure is removed after initial rendezvous 

* 

. 0 4 Silver-zinc batteries removed after initial rendezvous 

The following telescope and cabin design parameters are peculiar to the gimbal mode 
of operation (Model 948-41C) only: 

o Inner and .outer gimbal rings of aluminum 

o Spring suspension by six 128-coil springs of 0.10-inch wire 

o MORL structural truss to gimbal mount carried aboard MOT at launch 

o Electrical power for operation provided by the MORL 

o Atmosphere supply, purification, and pumpdown provided by the MORL 

o Docking atructure and rendezvous batteries removed after initial 
rendezvous 
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The fol loving parameters are peculiar to the shuttle node of operation (Model 
only: 

Direct entry from shuttle to the M)T cabin, vithcut airlock 

Pumpdovn porter shared vith shuttle 

Pumpdovn system and cooling supplied by the MOT 

Pumpdovn gaseous storage at 500 .psia provided by shuttle 

Electrical power by articulated solar panels of 215 square feet--f ixed 
in position during telescope operation plus silver cadmium batteries 
providing 3^+30 v&tt-hours at 35 percent depth-of -discharge 

Expendables and storage capability for l80 days operation— resupplied 
by docking to the MORL 

M)T Mass Analysis Details 

Mass analysis of major components are discussed belay: 

The main thermal protection insulation placed on the inner tube is one inch of 
laminated super insulation vith a unit mass of 1.3 1 * psf, including 20 percent laps 
and two 0.005-inch aluminum cover sheets. Shade insulation is O.h-inch thick with 
a unit mass of 0.66 psf. 

Electrical power solar panels have a unit mass of 1.05 psf, including substrate and 
closures for boost stcvage. Including beams, actuators, extension system and sup- 
ports, the unit mass is 1.50 psf. The silver cadmium batteries unit mass is 7 vatt- 
fcours/lb at 35 percent depth-of-discharge, not including installation, charging, and 
overcharge provisions. 

Reaction control propellants are split between two tanks each for oxidizer and 
propellant, located at 180 degrees from each other. The mixture ratio is assumed to 
be 2:1, vhich results in NgO^ tanks that are slightly larger tanks than those for 
Aerozene 50. Propellant storage pressure is 350 psia. To be compatible with the 
MORE systems , nitrogen pressurant is used, at 1650 psia. Operational rendezvous 
and orbit keeping are also accomplished vith the reaction control system. The large 
1000 lbf engines and tankage for the initial rendezvous are removed after Initial 
MOT-MORL coupling. The tanks required for the initial rendezvous are two of 23.2- 
inch diameter and two of 21.0- inch diameter for oxidizer and propellants, respec- 
tively, plus two 6. 6- inch diameter helium tanks. 

The masses of the attitude control and stabilization system components are considered 
to be conservative estimates. These components are subject to considerable develop- 
ment in view of the stringent pointing accuracy requirements. Communications, track- 
ing, and data management components, on the other hand, are more closely identified 
with present state-of-the-art equipment and are a small fraction of the total 
electronics equipment mass. 

The values for the MDT environmental control system are based upon a minimi system 
vith the primary carbon dioxide removal and humidity control being accomplished by 
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the MC'RL or shvttje vehicle systems. Trace contaminant sensors are located on the 
MOT, but contaminate removal must be by the MCRL or shuttle systems, cr by atmos- 
phere dump. A 500 psia shuttle storage is provided fer recovery of the MOT atmos- 
phere during ur.pres3urized operation in the shuttle mode , Although the compressor 
mass and power requirements are high; for pumping tc this pressure, it is deemed 
necessary to lever the storage requirements aboard the shuttle. The compressor and 
intercoolers have been tentatively located onboard the V£T *0 save shuttle vehicle 
propulsion 'mass. In addition, more effective thermal coupling to the available MOT 
radiator s trface can be made to dissipate the high er :ergy involved in the compres- 
sion cycles and the peak power conversion during pumpdevn. The IDT power supply is 
eupmented by the shuttle batteries during pumpdovn. For the ginbal nee. a , the MORL 
puepdovn system is utilized. 


feat transfer from the experiments and subsystems during their operation is by cold 
plate and coolant loops. One loop is located at the experiment platen and the other 
on the periphery of the cabin between the subsystem support beams, which are inte- 
grated with the cold plate. Temperature control of experiment sensors requiring 
subcritical cooling is accomplished by connection of OO 2 or cryogenic containers to 
the sensor coders prior to each experiment. The external radiator has a glycol 
solution coolant to prevent freezing. Redundant radiator loops are nut provided 
due to the very low manned occupancy period. Meteoroid penetration or ether failure 
of the radiator will require automatic shutdown of the power production units. Due 
to the high heat loads during cabin pumpdovn, as opposed to normal operating heat 
loads, two separate radiators are provided. The combination requires all of the 
cabin outer cylinder vail for radiator surface, at about 70 vatts/ft 2 , due to the 
low radiation temperature average. 

The mass of the experiments is baced upon layouts of each package and the provision 
of adequate material to lower thermal gradients. The average unit mass of the spec- 
trometers varies from 20 Ib/ft^ to 23 lb/ft3, while that of the photometers is 30 
lb/ft3. The vidicon cameras are similar to present state-of-the art units charac- 
terized by compactness and reduced mass. 


As with the attitude control components, the experiment control sensors are conser- 
vative estimates based upon future development of components with almost no toler- 
ances or thermal. gradient distortions. 

The onboard expendables are based upon the following 160-day supplies for the MOT: 

Model 9^5-410 Model 


Orbitkeeping (includes Station keeping) By MCRL 

Attitude Control 350 lbs 

Rendezvous (7 Times) — 

Docking Maneuvers and Control — 


Total 


350 lbs 


287 lbs 
350 
8h 
2U5 


966 lbs 
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Propellant for initial rendezvous is based on providing a total of 380 fps velocity 
change. Unused propellant Is removed with the tanks and engines when the KCT is 
prepared for operation, 

5 . 2 . 4.3 Mass Reserves, Allowances, and Contingencies 

Mass Reserves art- provided for off-nominal performance or mass usage rate variances. 
These include manufacturing tolerances, propulsion thrust variations and unexpected 
propulsion, attitude control, metabolic usage rates, and atmosphere loss rates. An 
example is the atmosphere stored aboard the MOT and shuttle vehicle for emergency 
re pressurization. Another example is the period for which metabolic oxygen is pro- 
vided, which includes 100 minutes for each rendezvous, although 10 to 20 minute 
rendezvous are possible by using propellant reserves. All reserves are included 
directly in the design quantities . and do not appear as separate reserve tabulations. 
They vary from less than 1 percent in the optical structures to over 100 percent in 
the combined maneuver and altitude control propellant supplies. 

Allowances must be included for undefined mass requiring conservative assumptions, 
component weight increases during development, additional components not previously 
identified, and mass associated with load changes due to refined design analysis. 

It is also desirable to provide for the contingency of subsystem, operational mode, 
or structural configuration cha^. es due to mission or method changes. A NASA- 
recommended 20 percent was used as a contingency on the MOT. Since this factor 
appears more than adequate, it is also assumed to include the allowances itemized 
above . 

5. 2. 4. 4 MOT Mass Properties 

Summary mass statements are shown in Figure 5.2-8 for the gimbal Model 9U8-UIC and 
in Figure 5 •2-9 for the shuttle Model 948-43D. Center of gravity and moment of 
inertia values for both modes of operation are summarized on Figure 5«2-10. A 
launch mass summary for both modes is shown on Figure 5»2-ll. This summary shows 
the mass of the MOT at various times between launch and operational readiness in 
orbit, after M0RL rendezvous. Most components required for the launch period but 
not for telescope operation are removed and deorbited. The nose cone and boost 
shroud are jettisoned at first stage burnout.. Their effective payload mass in orbit 
is thus only about 12.5 percent of their launch mass. Initial rendezvous components 
are also removed in orbit. For the gimbal mode, all detachable navigation components 
of sizeable mass ere removed since no further rendezvous or docking is required. In 
general, the MOT launch mass, with contingencies, is well within Saturn IB capability 
for launch and transfer to a 250 N Mi orbit. 

5. 2. 4. 5 Shuttle Mass Analysis 

The separated mode of operation, Model 948-43D, requires the use of a shuttle vehicle 
for experiment setup, optical changes, maintenance and spares, and expendables re- 
placement. A modified Apollo crew module is proposed, with a permanently-attached 
100- inch cargo module. The mass of the shuttle vehicle is divided between those sub- 
systems and components in the Apollo crew module and those in the cargo module. The . 
mass of the Apollo vehicle is modified by removal of all components required for sus- 
taining a crew during launch and for sustaining the vehicle itself during reentry 
and landing. The heat shield and landing capability components are removed, leaving 
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FIGURE 5-2-8 

OPERATIONAL MASS - MODEL 948-41C 
(GIMBALED MODE) 
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FIGURE 5.2-8 (CONTINUED) 


STRUCTURE - CABIN 
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STRUCTURE - GIMBAL MECHANISMS 
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FIGURE 5.2-6 (CONTINUED) 
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FIGURE 5.2-8 (CONTINUED) 
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FIGURE 5.2-9 

OPERATIONAL MASS - MODEL 948-43D 
(SHUTTLE MODE) 
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FIGURE 5*2-9 (OOIfTlKUED) 
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FIGURE 5 - 2-9 (CONTINUED) 
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Antennas, Cables, and Wiring 35 

ENVEROKMENIAL CONTROL/UFE SUPFORT 523 

Atmosphere Control 22 

Atmosphere Recovery il»g 

Compressor 120 

Coolers and Plumbing 28 

Beat Transport 8 l 

Pumps, Accum, and Controls 12 

Cold Plates and HX 35 

Plumbing and Coolant 29 

Emergency Repressurization 90 

Gaseous Oxygen Tanks 39 

Gaseous Nitrogen Tanks 38 

Plumbing and Controls 13 

Radiator 182 

Tubes and Headers 84 

Fluid System 98 
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FIGURE 5.2-9 (COnilKlED) 


EXFERIKEKTS - f/15 


HASS (IBjj) 

454 


Low Dispersion UV Spectrometer 49 
Lov Dispersion Spectrograph 54 
High Dispersion UV Spectrometer 122 
Wide Field Camera 218 
Vidiccn Camera 11 
Wiring 20 


EXPEB 3 H 23 MS - f/30 


912 


Thermoelectric Photometer 24 
Photoelectric Photometer 63 
High Dispersion IR Spectrometer 1$8 
High Dispersion Spectrograph 440 
Large Scale Camera 186 
Vidicon Camera 11 
Wiring 35 


EXPERIMENT CONTROL SENSORS 


495 


Pointing Sensors 305 

Intermediate Pointing 100 

Photometry Pointing 55 

Low Dispersion Pointing 60 

High Dispersion Pointing 90 

Photo Sensors HO 

Star Field Photo 4o 

Planetary Photo 30 

Planetary Spectrography 4o 

Translation Mechanisms 35 

Wiring 45 


EXPENDABLES 


1041 


Propellant 

EC/lE Expendables 

Sensor Coolants (Average) 


966 
6 5 
10 


CONTINGENCY (20*) 


4019 


TOTAL OPERATIONAL MASS 


24,112 
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I = 25,200 5LU0-FT" 
x>; * 

I =165,000 SLUG-FT 2 
TS * 

I,„ » 163,200 SLUGS- FT 2 


“TOTAL " 


24,112 LB.. 


T Gravity and Moments of Intertia 
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FIGURE 5.2-11 
LAUNCH MASS SUMMARY 


Model 94S-41C Model 94 S-U 3 .U 

(Gimbal) (Shuttle) 

i&m) (U>m) 


Telescope Optics 4,343 
Structure - Telescope 3,864 
Structure - Cabin ' 2,694 
Structure - Gimbal System 581 
Thermal Protection 2,912 
Electrical Power 295 
Reaction Control System l 6 l 
Attitude Control and Stabilization 882 
Communication, Tracking, & Data Management 58 
Environmental Control/Life Support 238 
Experiments - f/15 451 *. 
Experiments - f /30 912 
Experiments Control Sensors 495 
Expendables 4^5 
Contingency ( 20 $) 3 , 66 l 


4,343 

3,840 

2,847 

*0 «• tm e* mm 

2,932 

1,437 

210 

936 

123 

523 

454 

912 

495 

i,o4i 

4,019 


Total Operational Mass 
(Removed in Orbit) 
Auxilliary Structure 
Batteries 

Rendezvous Propulsion 


Initial Docking Mass 

Docking Propellant 
Rendezvous Fropellant 


Start Rendezvous Mass 
SIV-MOT Interstage 


Staging Orbit toss 

Effective Fairing Mass* 
Effective Nose Cone Mass* 


21,965 

24,112 

208 

153 

110 


160 

lo2 

22,443 

24,427 

35 

35 

935 

’ 1,017 

23,413 

25,479 

1,569 

1,592 

24,982 

27,071 

808 

631 

117 

H7 


EFFECTIVE LAUNCH MASS 


25,907 


27,819 


A *Re moved at SI Stage Burnout— Effective Mass to Staging Orbit Assumed to be 12.5$ 
I of Actual Launch toss. 
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the basic primary stiucture intact. This reduces the total mass considerably, while 
still retaining a large portion of off-the-shelf structural and mechanical items. 

It should be ncted that a complete redesign using reduced boost load fector limits 
and eliminating the reentry factors would reduce the mass further. It is felt that 
the mass values presented represent a logical use of only about 30 percent of the 
existing Apollo structure . Since most of the Apollo subsystems must be modified 
anyway, further reduction of shuttle vehicle mass can more efficiently be accompli- 
shed by a new specific shuttle mission design, Mass values for the shuttle vehicle 
are shown on Figure 5.2-12. 

The shuttle is used periodically at varying intervals, ranging from daily to every 
three or four days. Personnel manhour requirements analysis indicates that when the 
shuttle is refurbished at the MCRL, it should be supplied with provisions for more 
than one roundtrip to the MOT. For purposes of volume and mass analysis, a conser- 
vative assumption of providing storage capability for 15 roundtrips is used. Since 
the MOT itself also decks to the MDRL vehicle in the mode considered, the largest re- 
supply mass and major repairs or changes are assumed to be accomplished with the 
MOT docked to the 150RL. 

The following major parameters have been used to determine the mass requirements of 
the shuttle, as veil as the logistics requirements of the MORL to service the shuttle 

o 15 round trips, MORL to MOT to MORL, requiring 15 repressurization cycles 
of the MOT 

o Maximum of one mile MOT/MORL separation 

o Nominal two-man crew, with overload capability of three 
o Maneuver and attitude control by cargo module system only 
o Crew module atmosphere of 50 percent 0 2 - 50 percent Ng at 7.0 psia 
o Cargo module unpressurized 

o One emergency repressurization of crew module stored onboard 

o Storage capability for 90 percent of MOT recovered atmosphere at 500 psia 

o Atmosphere makeup for 10 percent MOT atmosphere makeup, stored at 3500 
psia, for each repressurization cycle 

o No NOT propellant resupply capability, since this is a requirement of 
MOT/WRL docking operation 

o Cargo module cylindrical wall integrated with redundant tube radiator 

o Batteries sized for providing a total of UOOO watt-hours at percent 
depth of discharge 
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FIGURE 5.2-12 

SHUTTLE VEHICLE MASS PROPERTIES 


SHUTTLE VEHICLE MASS (LB-,) 

CREW MODULE (4200) 


Structure i860 

Forward Section 210 

Center Section 660 

Aft Section 240 

Airlocks and Hatches 170 

Thermal Protection 120 

Subsystem Support 220 

Docking Support . 90 

Cargo Storage 80 

Reinforcements 70 

(brew Systems * 230 

Electrical Power 410 

Communications 120 

Environmental Control/Life Support 3^0 

Controls and Displays 160 

Kavigation end Stability Control 110 

MOT Maintenance Provisions 30 

Docking System 190 

EC/LS Expendables* 110 

Penetrations and Leaks 50 

Crew and Equipment 570 

Crew 370 

Suits 70 

Backpacks I30 

CARGO MODULE (2300 ) 

Structure 1220 

Cylinder** 780 

Secondary Structure 190 

Thermal Projection 60 

Subsystem Support 80 

Cargo Storage 50 

Reinforcements 60 

Reaction Control/Prcpuxsion l6o 

Atmosphere Storage System 270 

Shuttle Propellant* 5 00 

1*204 333 

Aerozene 50 I67 

MOT Stored Atmosphere* 150 

CONTINGENCY (20jt)(l300) 1300 

TOTAL SHUTTLE VEHICLE 78^0 


♦Expendables Loading for 15-Trip Capacity. **Includes Radiator Tubes & Headers 
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5. 2. 6 Logistics Mass Analysis 

Logistics requirements are estimated for the two modes of operation. The Logistics 
presented are those pea Gaining to operation of the MOT only. The primary difference 
between the gimbal mode and the shuttle mode, from the logistics standpoint, is the 
mass of the shuttle vehicle, with its expendables and spares requirements, and the 
mass of expendables and spares that must be carried by shuttle or transferred direct- 
ly through the MORL hatch to the MOT. 

The shuttle mode, Model uses two logistics supply methods; that of the 

shuttle vehicle and that of coupling to the KORL. The number of trips that the shut- 
tle makes and the number of MDT-MORL coupling periods is derived from the one year 
timeline analysis presented in Section 4.4. 

The following parameters have been used to derive the mass cf the 1-year logistics 
requirements for each mode: 

Parameters Common to Both Modes 


o 71 film replacement periods of 3 hours each 

o 10 setup and checkout periods of 7*5 hours each 

o 4 scheduled maintenance periods of 3 days each 

0 1 scheduled 4 -day period for f/15 to f/30 changeover 

0 10 unscheduled maintenance periods of two days or more 

o 15 unscheduled maintenance periods of one day or less 

o 0.30 lb /hr MOT atmosphere leakage rate 

o 2.5 lbs per man-day metabolic oxygen rate 

o Eco.logical requirements of food and water not included 

Parameters for Model 948-41C (Giribah Mode) Only 

o No food, water, and sanitation provisions - hSCRL facilities used as 
required 

0 Emer^ucy atmosphere repressurization by MDRL, four per year estimated, 
requ ed for high leak loss (dump) of cabin atmosphere 

Parameter? for Model 948-43P (Shuttle Mode) Only 

0 2 hours average shuttle travel time per docking cycle - two men 

o X hour average shuttle checkout and maintenance time: per docking cycle - 

one man 

o • 1 hour shuttle holding time for wOT pumpdown - two men 
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o Spares replacement mass Increased by electrical pover equipment and by 
orbit control equipment 

o Emergency atmosphere for one complete repressurization stored in both 
the MOT and the shuttle, four replacements per year estimated for MOT 
plus one while coupled to MGRL - two replacements per year for shuttle 

© Shuttle atmosphere leakage rate of 0.25 lb/hr 

o One year battery lifetime, replacec:ent has not been included in the one- 
year logistics, provisions 

These parameters result in the total yearly expendables and spares requirements 
shown on Figure 5 *2-= 13 for the two models. 


5.2-5 Optical Systems Design and Installat ions 

The major elements of the telescope optical system are the primary mirror, second- 
ary mirrors, scientific experiment instruments, and the structure which ties these 
together. Each piece of optical equipment is sensitive to structural distortion 
and requires installation in which its physical positions relative to other equipment 
be maintained within very small tolerances. The general design approach taken is to 
provide concepts that minimize loads and thermal conditions which cause geometric 
distortions. Ir. addition, the mounting for each element are provided with adjust- 
ment design features for aligning the optical system in orbit. Special attention 
was also given to the development of conceptual designs that can accommodate man for 
the major telescope functions which rely on his role to attain reliable and success- 
ful operation. 

5.2. 5*1 Scientific Instrument and Cabin Arrangement 

The cabin as shown, in Figure 4-6 , is arranged with all the scientific optical instru- 
ments mounted to a rigid base or platen located in the forward section adjacent to 
the telescope. MOT supporting subsystems are located around the periphery in the 
aft section. 'Jhe platen is a cantilever structure physically supported from the 
optical system support base by a tubular section extending thru the cabin bulkhead. 

The only physical attachment between the platen structure and cabin ie a bellows 
located around the platen support tube. Tills design feature is used to protect the 
alignment of the scientific instruments with the main telescope optics. Removable 
boost structure Is required to support the platen during launch to orbit. 

The scientific instruments are positioned radially around folding mirrors on on arc 
formed by the locus of the focal point as the mirrors are rotated. The light beam 
from the telescope proper is folded once for f/l5 experiments and twice for f/30 
experiments. The primary folding mirror folds the light 90 degrees making the 
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FIGURE 5.2-13 
LOGISTICS MASS SUMMARY 



MODEL 


9 U 8 -UIC 

9 I+ 8 -I 3 D 

LOGISTICS CTYCIES (ONE YEAR) 

(Gimbaled) 

(Separated ) 

TOTAL MOFL-MOT LOCKING CYCLES 

Maaatn 

15 

TOTAL TRIPS BY SHUTTLE 

mm mm mm*a> 

96 

TOTAL REPRESSURIZATXON CYCLES 


MCT Atmosphere to hDRL 

111 

15 

MD T Atmosphere to Shuttle 

«C> «■ 

96 

Shuttle Atmosphere to MORL 


$6 

TOTAL EMERGENCY REFRESSURIZATXONS 



By MORL to MOT 

4 

1 

By MOT to MOT 

«p mt 

4 

By Shuttle to Shuttle 

«MW 

2 

TOTAL HOURS PRESSURIZED 



MOT-MQRL 

1512 

864 

MOT- Shuttle 

momv+m 

648 

Shuttle Only 

— 

288 

TOTAL MANHOURS 



In MOT-MORL 

1512 

864 

In MOT- Shut tie 

— — * 

1296 

In Shuttle Only 


480 » 


REQUIREMENTS (ONE YEAR) 

Gimbal 

Shuttle 

morl/mot 

Shuttle ASOT 1 

Oxygen - 3500 psia 

834 lb 

299 lb 

862 lb 

Nitrogen - 2000 psia 

609 

188 

6l4 

Ng 04 

466 

1289 

1920 

Aerozene 50 

234 

644 

9^0 

Spares Replacement 

360 

200 

252 

Film and Tape 

550 

«•«■***■ 

550 

Added MORL Propellant 

( 6670 ) 1 2 

( 925 ) 



1 Includes Requirements for Shuttle Alone 

2 Assumes Uae of an Additional Control Moment Gyro in MORL 
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light rays parallel with the mounting platen. Hv' mirror can be iota ted about the 
telescope optical axis thus aligning the focal plane with a selected instrument 
for f/l5 observations. 

In addition, an initial alignment fixture and TV camera are located in the same 
focal plane. The TV camera is used for checking the telescope field of view 
remotely from the MORL. 

A secondary folding mirror is used in conjunction with the f/30 secondary mirror 
in the telescope to provide for. the f/30 instruments positioned radially with 
respect to the secondary folding mirror. 

Clearance from the surface of the platen to the cabin ceiling is approximately 69 
inches which provides an average of lO inches clearance above the instruments for 
the crewmen to maneuver in the zero gravity environment. All subsystem components 
are arranged in the upper section around the periphery of the cabin to allow maximum 
accessibility to the optical instruments. The subsystems provided in the MOT 
include communications and data, recording, electrical guidance and centr'd, and 
emergency pressurization. Cold plate cooling is provided for electronic subsystems 
component thermal control. Storage provisions for spares and maintenance tools are 
also located around the cabin walls . 

The display and checkout console allows a seated "r aan to monitor and operate the 
displays and controls. In the immediate area of tne console, the maximum floor- to- 
ceiling clearance of 69 inches is maintained and will Include a seat and restraint 
provision. The console will contain those displays and controls required to check 
out the operation and status of the subsystems. 

A docking cone and mechanism, identical to that included on the MORL for use with 
the Apollo logistics vehicle, is provided at the cabin end of the MOT. For either 
mode, this location provides ingress/egress to the cabin. A pressure hatch to seal 
the cabin at the interface with the telescope is incorporated within the platen 
envelope. It will be remotely actuated and the seal accomplished prior to cabin 
pressurization and crew .entry. The hatch or door is guided in a track which has a 
cam-type action for engaging and breaking the pressure seal at the end of the platen 
support tube. A small 3.0 inch diameter optically flat window is located in the 
center of the pressure hatch to allow the passage of a beam of light for gross 
alignment of the scientific instruments when the cabin is pressurized. 

For on-pad access, a bolted- type hatch is provided in the outer wall of the cabin. 

The hatch will be approximately 30 x h2 inches to allow clearance of the largest 
single item of equipment. Prior to launch, this hatch will be fastened and sealed. 
Consideration was given to utilizing thir hatch for emergency exit. However, this 
rsults in additional weight and complexity to provide the necessary structure and 
mechanisms. 

5. 2 .5*2 Primary Mirror 

Primary mirror installation is considered a major design problem area. The optical 
qualities are very sensitive to thermal gradients in the mirror structure. Similarly, 
structural distortions resulting from applied loads are inadmissable . Until more 
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definite material structural criteria can be established for the design and fab- 
rication of the mirror, precautions must be taken to provide an installation desi^. 
that minimizes the possibility of boost loads destroying the optical figure * The 
installation criteria also have conflicting structural design requirements 1 m that 
precision dimensional alignment between the mirror and its supporting structure is 
desired. For thermal and stress considerations, it is preferable tc decouple the 
mirror from its supporting structure as much as possible. 

Figure 5*2-14 depicts a primary mirror installation in which the primary mirror can 
be completely decoupled from its structural attachment and floated on a pneumatic 
bladder support during boost to orbit. The bladders are used to distribute the 
acceleration loads over large areas of mirror surfaces, thus preventing harmful 
stress concentrations. A segmented bladder design is utilized to provide restoring 
forces for mirror angular displacement and to facilitate attaching sections perman- 
ently to the mirror cover doors. 

The concept requires internal elastic members which collanse the bladder wall 
nearest the mirror surfaces toward the support structure when the bladders are 
deflated. This disengages the bladders from the mirror for operations in orbit. 
Design precautions must also be taken to insure that the bladders do not ham the 
mirror surface due to vibrating movement during boost. Peel coat type materials 
can be used to protect the mirror surfaces from the bladders but this solution 
shifts the problem to one of developing methods for removing the coating in orbit 
without harming the mirrors. 

The cover doors serve a dual purpose. They are the structural support for the 
pneumatic bladders cn the forward side of the mirror and they are used to protect 
the delicate mirror surface from foreign materials and contamination from personnel 
vorking in the vicinity, both on the ground and in orbit. 

Mechanical attachment of the mirror to the optical system support structure is 
accomplished by a three point tangent bar mounting. The three attachment points 
are located on the outer rim of the mirror to make them more accessible. The 
tangent bar design is used to accommodate differential radial expansion between 
the mirror and the support structure without inducing loads into the mirror. The 
three point support also permits the plane of attachment to tilt without inducing 
stresses into the mirror. Index rods which hold the mirror on three conical seats 
of the tar gent bars can be disengaged and retracted to allow for the x *cessary 
float of the mirror on pneumatic bladders. In orbit the index rods can be re- 
engaged either automatically or manually. Selective materials and fabrication 
methods are required in the designs of the tangent bar supports to minimize boat, 
flow from the supporting structure into the mirror. The mirror alignment sensors 
mounted on the inner diameter of the primary mirror are used to position the 
secondary mirror relative to the primary mirror. Bladders on the inner and outer 
diameter are also segmented, with open areas provided for the sensors and attachment 
structure . 

5. 2.5. 3 Secondary Mirrors 

A conceptual installation 0 * the f/l5 and f /30 secondary mirrors was developed to 
establish feasibility of a design vhioh reasonably satisfies the MOT operational 
and optical system design requirements. Tire MOT operational criteria requires 
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the mirrors and associated mounting equipment to he 
setup with maintenance functions. In particular, th 
when experiments are being performed with the f/35 n 
or electrical equipment subject to failure should be 
system design criteria requires the mirrors to be po 
to the primary mirror and the experiment instruments 


accessible for man to perfor 
e f/13 mirror has to be rerc 
drror system, and mechanical 
replaced by mar.. Tr.e optic 
sitior.ed accurately relative 
at the Cassegre.ir.ian focus. 


Secondary mirror position tolerances are defined in the optical system stud;-' (Sect! 
3)- liirror position disturbances which are primarily due to distortion of the sup? 
orting structure are evaluated in the structures study (Section 5 . 3 ) . The initial 
structural thermal analysis indicates that, except for focus, the disturbances can 
be held below the allowable position tolerances cnee the telescope temperatures 
are stabilized in orbit. Although this implies that single degree of freedom 
control for the secondary mirrors ray be feasible, the requirement for an automace i 
secondary mirror position control for five axis of freedom was retained for initial 
alignment in orbit, realignment associated with reinstalling the f/lp mirror, and 
disturbances from repeated docking and other unforseen causes. 


Excluding the docking impacts, the disturbances affecting the secondary mirror 
alignment may be considered to be of sinusoidal character induced by differential 
radiant heating, and to be superimposed on initial errors induced by the removal 
of gravitational and thermal initial condition.:. These initial errors are expected 
to be at least one order of magnitude larger Ji&r. that induced by heating. The 
basic frequency content of the sinusoidal disturbance is at orbital frequency for 
all five degrees of secondary mirror freedom. 


Position control of the secondary mirrors requires alignment sensors located cn the 
primary mirror for each axis of control, and an alignment target element located on 
the secondary mirrors. Figure 5*2-15 schematically illustrates a position detecting 
system. Autocollimator- type sensors are used for two axes of translation and the 
two axes of tilt. An interferometer is used for the focus sensor. The target 
element is a small flat mirror with a reticle located an the center of each secondary 
mirror. 


Initial alignment of the telescope is accomplished by using the sensors of the align- 
ment unit, which is mounted on the main instrument support case. Upon alignment of 
tilt and lateral displacement, the folding mirror is indexed to the vide angle 
camera position. The telescope is slaved to a star and the auto-focus device of the 
camera is used to initially position the secondary mirror longitudinal ly. Thus, 
initial alignment and focus adjustment may be done either by full manual control or 
with the aid of automatic nulling circuits. Once initial aligning is accomplished, 
the primary control of these functions is switched to the sensors ringing the inside 
of the primary' mirror aperture. The folding mirror may then be pivoted to one of 
the experiment packages. When the main camera is in use, the primary control of 
focus will be automatically shifted from the primary' mirror interferometer instru- 
ment to an autofocusing instrument built into the camera package. 

There are many design approaches for a position control system of the secondary 
mirrors and optimisation is beyond the scope of this s tudy . Studies were conducted 
to develop a five degree of freedom counting and actuation system which has very 
small coupling between control axes and which can feasibly be packaged within the 
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permisBlbJe light obscuration of the primiy mirror. A system which does not have 
coupling between axes of control i6 preferred or. the oasis of utilizing displays 
and manual control for alignment functions. More coupling Increases the requirements 
for an automatic control and synchronized actuation. Ho coupling and a single 
actuator for each axes of control are also desired for malfunction detection and 
maintenance. On the other hand, a mirror support that has five degrees of uncoupled 
movement, usually has more structural design complexity. 

Since two secondary mirrors are being used, there is also the choice of controlling 
position of the mirrors individually or mounting them in a common control cell. 

The many factors involved point out that the secondary mirror installation is a major 
design trade area. 

Figure 5*2-16 shows the conceptual design of a secondary mirror installation developed 
for the baseline telescope configuration. The main design features of the support 
and positioning are: 

o A four-legged rigid truss attaching the secondary mirror carriage to the 
inner telescope tube wall. 

o The f/l5 and f/30 mirrors are mounted in a common control cell which has 
the five degrees of position control. The position target element 
required for alignment sensing is mounted on each mirror to eliminate 
position tolerances between the mirrors end cell structure. 

o A rotational and translational geometry consisting of three flexure pivotec. 
struts aligned with the optical axis. Two of these struts can be extended 
to induce rotational motion of the rdrrcr carriage. The entire three-strut 
flexure system can be translated by two additional strut actuators grounded 
on the inner telescope tube. 

o Focus adjustment is made by positioning of a single central actuator 

driving the mirror mounting structure along four ball-splined tubu3ar ways. 

o A single electric motor driven jack screw is employed for positioning of 
each of the five degrees of mirror freedom provided. A minor degree of 
coupling is allowed between secondary mirror rotation, translation, and 
focus. 

■Each motor driven degree of freedom of the suspension receives an amplified signal 
command from one of the alignment sensors of a directional sense which drives the 
error seen by the sensor to a minimum threshold value. Urns, autocolliminating 
sensors mounted on the inner aperture of the primary mirror detect angular misalign- 
ment between mirrors and furnish signals to the two flexure mounted actuators which 
then produce corrective rotations of the secondary mirror carriage. 

Actuators consist of sealed packages, each containing a servo motor geared to a con- 
centric differential Jack screw drive incorporating a preload, spring to remove 
backlach from the differential thread. 

5*2.6 Configuration Design Conclusions & Recommendations 


Conceptual configuration design studies resulted in identifying many structural. 
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and installation problems which are very important in attaining an efficient or 
optimized design. None of the design problems, which ccrr Id be identified at- 
this level of detail, are considered insurmountable or teycr.l feasible engineer- 
ing solutions. The most critical design problem areas are those associated with 
structural thermal requirements and protection of the optical systems during 
boost. A summary of the conclusions and recommendations of the structural thermal 
problems is presented at the end of the structures study (Section 5*3) and thermal 
control study' (Section 5*5)* In contrast to earth-bound telescopes or the CAO 
designs, the HOT' requires a design interface between a pressurized cabin and the 
optical systems. This interface imposes constraints or. the optical system design 
and constraints or. man’s functions in telescope observati cr.. The baseline design 
concept requires remote operation of a cabin door and imposes fairly' severe require- 
ments on the atmosphere supply subsystem to make the expe I'i. n t, jLiis^*r lHu* 3 nts access- 
ible to car. in a shirtsleeve environment. Additional studies are recommended of 
this problem area to determine if the constraints ar.d complexity can be reduced. 

The pneumatic bladder support for the primary mirror during boost imposes several 
fairly stringent design requirements. Pressure level control in many individual 
bladder segments, decoupling of the structural mounting ar.d disposition of the 
bladders after the telescope is in orbit are all complexities that can possibly be 
reduced by further design refinement. Installation of the secondary mirrors is a 
definite trade area for further study and some of the possible design approaches 
are noted in paragraph 5*2. 5* 3* 

In the area of supporting subsystems, two installation problems in particular 
warrant further design studies, star trackers and expendables or movable equipment. 
The star trackers require installations In which accurate alignment car be main- 
tained with the telescope optical axes, and they must be located externally of the 
basic protective thermal structure. The basic design philosophy used for the MOT 
was to- decouple the optical systems from the outer protective thermal structure. 

In the case of the star tracker, a direct structural tie is required from the 
optical system structure to the external environment, thus making it difficult to 
obtain geometric stability. 

Installation of expendables and movable equipment is critical in the soft girabal 
operational concept (Model No. 948-41C), arid to some extent on the separated concept 
(Model No, 9^8- * l 3D) . In the gimbal concept the torque transmitted to the MOT from 
the spring suspension system is directly proportional to the CG offset from the 
gimbal axes. The final design of the fine stabilization control system will, there- 
fore, place stringent requirements on CG control. For example, the present studies 
are based on maintaining the CG within one inch of the gimbal axes, which limits 
usable expendables located at 70 inches from the CG to approximately 200 pounds. 

The size of an f/4 120-inch telescope relative to MOW, indicates that structural 
interfaces and subsystem requirements imposed on MORL will necessitate long-range 
advanced planning to insure that the MORI, will b? compatible with MOT operations. 

For example, MORL attitude and orbit control systems will have to be sized for 
moments of inertial and ballistic coefficients for operation when the MOT is 
directly coupled to the MORL. 



NEUTRAL POSITION 


TAPERED PIN (31 I 
USED FOR DI5EN CAGING , 
MIRROR HOUSING FROM. 
CONTROL CEU. 


O 

A 




SECTION B-B 


REM5VASU SECONDARY 
MIRROR HOUSING 


SECTION C-C 



TRANSLATION TILT 


ACTUATION SCHEMATIC 




D2-3U0U2-1 




BALL SPLINED TUBES 
( 4 PLACES) 



SECTION A~A 


CODE : 

CZ3 - SAIL SPLINE 
O - FlfXURE POINTS 


m - ACTUATOR 


I • ACTUATOR ACTIVATED 

0> PREIOADED BALL SCREW 
MOTOR ACTUATOR 


Figure 5,2-lb 

SECONDARY MIRRORS INSTALLATION 
MOT BASELINE CONFIGURATION 




ia<f 






D2-6U042-1 


IV.e spring suspension system for the soft global design (Model No. 946-HlC) 
parely conceptual, and further detail design studies, including spring desi 
gi^'nai design, and structural characteristics of the combined vehicles, are 
recommended to refine requirements. 



5.3 STRUCTUR'D:; 


Structural effort or. the MOT was concentrated, in five major areas of investi- 
gation, categorized by technological discipline: 

1) Structural Design 

2) Thermal Distortion Analysis 

3) Meteoroids and Radiation 

4) Direct Analog Dynarric Analysis, and 

5) Launch Environment and Analysis 


A baseline structural configuration (Figure 4-lc) was chosen having structural 
layout, optics, thermal characteristics, and mass distribution in ccrr.cn with 
other design studies. ’.there indicated, parametric variations ware race arc uni 
this baseline. The final configuration. Figure 4- Id, while it differs frer. 
the structural baseline by having a different cabin arrangers .it, does net 
deviate sufficiently in any respect to affect the conclusions cf the structural 
studies. 


5.3.1 Launch Environment and Analysis 


Based on experience, it was considered necessary to assess the launch conditions, 
since they dictate critical lead factors for telescope design and contribute to 
the environmental criteria. Time did not permit a complete flight vehicle 
analysis, so 'handbook" values for boost load factors were adopted. 


5. 3. 1.1 Acoustic and Vibration Environment 


In anticipation of a detailed analysis cf the mirror response to the environ- 
mental forcing functions, the acoustic and vibration environments were surveyed. 
However , little data could be obtained for the S-IB other than some measured 
data from the S~l/Apollo boilerplate flights. These data measurements indicate 
a maximum acoustic environment at booster station 1703 of sound pressure levels 
on the order of 135 to 140 db during the Mach 1/maximum q period of flight. 

The maximum vibration environment me a mired at the adapter ring, booster station 
3571, was 3.23 g-ms laterally wit. 4 a frequency of 825 cps. 

Based on the amount cf available data and the time involved, an analysis of 
mirror response was not considered feasible during this preliminary analysis. 

5. 3. 1.2 Launch Analysis 


A sketch of the air vehicle configuration and the matching dynamic model used 
for a launch release analysis are shown in Figure 5.3-1. This configuration was 
analyzed for axial vibrations, the so-called "pogo stick" mode. The solution of 
tho applicable dynamic equations resulted in a vehicle axial modal frequency of 
7.29 cps. Application of the associated modal data to the equation 
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with 


jA^xi'/L - axial load factor at payload, in g's 
T ~ booster thrust, 1'r.s 




w 

= vehicle 

weight, 1 

c s 

M 

= vehicle 

mass, lb- 

sec2/-.r. 


= ith node 

general:*. 

red nass, lb-sec2/in 


= ith node 

displace 

rent at nozzle, in/in 

0F/Li 

~ ith mode 

displace 

rr.ert at payload, in/in 


produces an axial load factor at the payload of 
response only. 


=■, based cn first node 


To determine maximal design load factors, a brief loves 
other launch and staging events. A sunnary of events a 
factors applicable to the telescope design is included 



v;as nade 
; suiting 


*ure 5*3-2. 


of 

load 


CONDITION 


LOAD FACTOR 


AXIAL 

tension comprsssic:; 

LATERAL 

REBOUND 

1.38 

2.83 

% 

± 0.25 

FIST RELEASE 

0.73 

3.23 

+ 2.91 

FLIGHT HIGH Q , 


1.95 

+ 0.41 

THRUST CUT OFF 

+ 6.95 


+ 0.10 

ENGINE HARD OVER, 3-IVB 


3.55 

+ 1.73 


Figure 5.3-2 
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5.3.2 Structural Design 
5. 3. 2.1 Primary Structure 

At the initiation of primary structure sizings, it was recognized that stiffness 
requirements, as determined by servoelastic analysis, could be the design con- 
sideration for some of the primary structural elements. With this in mind, it 
was decided to proceed by sizing structural members on the basis of boost load 
conditions and make provision' for parameterizing their stiffness characteristics 
in the dynamics studies. 

Structural concepts- and materials employed were chosen to arrive at the best 
compromise among the four requirements of structural stiffness, thermal isolation, 
optical alignment, and stress level. These considerations led to the following 
approaches being taken: 

1) Determinate structure was used to minimize the transmission of stress-induced 
distortions where possible. 

2) Structural configurations were chosen to maximize structural stiffness 

. (i.e., tubes rather than rods; shells rather than frames) where possible, 

3) Materials having highest stiffness with lowest heat conduction were used 
in critical areas such as primary mirror tangent bars. 

The structural arrangement of the baseline is shown in Figure 5.3-3 with the 
individual structural elements identified by letter -code. The element code is 
consistant with that used in the gimbal design. Section 5.3. 2.4, and in the 
direct analog dynamic analysis, Section 5.3.5, as are the structural materials, 
concepts, and stiffnesses. 

Structural sizings are based on the boost' load conditions specified in Section 
5.3«1, Launch Environment and Analysis. The design load factors are +6.95 axial 
and +2.91 lateral. The thermal protection afforded by the aerodynamic shroud is 
such that no significant heating will be experienced during the boost trajectory. 
The structure was thus sized at room temperature. 

Generalized expressions for element stiffnesses wer3 derived in terms of deflec- 
tion axis, geometric parameters, and materials properties to facilitate para- 
meterization of element stiffnesses and to permit parametric changes to be 
reflected in weight and thermal analyses. 


Materials were chosen on the basis of ease of fabrication, thermal stability, 
structural stiffness and thermal conductivity where heat leak is important. In 
critical heat leak areas (Experiment Support Tube F , Cabin Support Truss C , 
and Tangent Bars G ) material properties were traded to define the optimum. The 
parameter kA/K 


where 


k *= thermal conductivity 

A ™ cross-section area (based on boost load sizing) 
K “ member stiffness (based on A) 
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was used to compare materials. As an example, the tangent bars produce the 
following material comparison: 

K k / tk A ) 

MATERIAL y j K / Ti 

Aluminum 29.33 

Titanium 1.00 

Fiberglass 0.12 

Fiberglass is therefore the best material choice .. a theoretical basis. Because 
of its low bearing strength, fiberglass is at best a difficult material to attach; 
large end fittings become necessary and the fabrication problem is complicated. 
However, its obvious advantage. in thermal isolation outweighs any manufacturing 
consideration and its use is dictated in critical heat leak areas. 

Structural sizings proceeded along major load paths, and a running weight state- 
ment was prepared to reflect correctly the impact of inertial loads on the 
structural load levels. 

The structural element code, the material used for each element, and the struc- 
tural concept applied are displayed in tabular form in Figure 5.3-4. Figure 5.3-5 
shows the important element geometric parameters and lists the associated stiff- 
nesses. Since the direct analog simulation was concerned with deflections and 
rotations in a plane including the telescope optic axis, two stiffnesses are 
listed. The stiffness Kg applies to shear deflections; Kfl is associated with 
bending deflections. 

Items in Figure 5.3-5 shown in parentheses represent the parameters which were 
changed to conform to the final configuration. 

5 .3. 2. 2 Mirror E^namics 

The dynamic characteristics of the primary f/4 mirror were investigated for two 
support conditions; **irst with the mirror supported on pneumatic bladders, and 
second with the mirror supported on the tangent bars. 

For the bladder-supported case, the mirror was treated as a rigid body, un- 
attached to the telescope structure and uniformly supported by the bladder. 

Using a typical cross-section and the coordinate system shown in Figure 5*3-6, 
the equations of notion were written in terms of the support spring constants. 
Thus: 


vnfi = (KaU'K.U)© 

\ 

re - l b) H K a l 0 a ) ® 
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STRUCTURAL ELEMENT 

CODE 

MATERIAL 

STRUCTURAL CCI’CSPT 

Outer Tube 

A 

Aluminum 

Ring-Stiffened Honeycomb 

Inner Optics Tube 

B 

Aluminum 

(Titanium) 

Ring-Stiffened Honey c orb 

Cabin Support Truss 

C 

Fiberglass 

Tubular Pin-Jointed Truss 

Mirror Cell Beams 

D 

Titanium 

Cantilever Beams- 

Mirror Cell Floor 

V? 

o 

Titanium 

Honeycomb 

Experiment Support Tube 

F 

Fiberglass 

Mcnocoquo Cylinder 

Tangent Bars 

G 

1 Fiberglass 

Hinged Rods 

Secondary Support Structure 

H 

Titanium 

Tubular Pin-Jointed Truss 
(Solid Vierendeel Truss) 

Secondary Optics Tube 

I 

Aluminum 

Ring-Stiffened Cylinder 

Secondary Support Flexures 

J 

Titanium 

Tension Straps (Solid 
Vierendeel Truss) 


Figure 5.3-4 
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Assailing support symmetry with * s ' £ *- < and V \ a - }, and applying harmonic 
motion, the solution of the equations of metier: produced uncoupled translation 
and rotation frequencies in radians per second of 

hJu = (0.42396 K)& 

U e - < 0 . 6 ? 620 K) y * 


Plots of cu b and versus the sup 
u~e 5*3-6. A rotational modal fro cu- 
rate determined by a bladder pressure 


v. - bladder stiffness are shown in Fig- 


4* > T , 

op- of 10.5 cps is obtained for a spring 

, -'A ^ ~ J ^ JA « 


* 

For the second case, the flexible .mirror *as supported bp/ the tangent bars which 

attached to the telescope structure. The 
resents bounded by the radial ribs and cir- 
irr.ed at the juncture of ribs arid rings for 
et ailed in Figure 5*3-7. Since the mirror 
is symmetric about a diametric axis passing through any cf the three supports, 

used ir. obtaining all the vibrational modes 
ition restraints along the symmetric axis. 


in turn were assumed to be rigidly 
cellular mirror was divided into s 
cumferential rings, bodes were as 
both upper and lower surfaces, as d 


one-half of the mirror structure va 
bp/ imposing the proper boundary ccr. 


The equations of motion used to determine the mirror natural mode shapes and 
frequencies are cf the form: 


[J] (K) + [k] ($} = (o3 


where 


M 

M 

w 


= mass matrix 
— stiffness matrix 

= degree cf freedom cf interest (in this case, displacement in 5 
direction) 


The stiffness matrix was obtained by formulating component stiffness matrices 
representing actual structural elements, and combining these submatrices at 
common nodes to form the complete structural representation of the mirror. 

The structural elements used in the mirror stiffness formulation are triang- 
ular flat plates representing tue ribs, rings, and the upper and lower faces. 
Rectangular beams represent the tangent bar flexures. 


An influence coefficient matrix 
symmetric cases by imposing appmc 
matrix and applying an inversion 
obtained for the Z-direction disc 
of the mirror; si.ee vibration mo 
terized by Z displacements of the 
cient matrix, for the symmetric c 
antisymmetric matrix is a 64 x 64 


as obtained for the symmetric and anti- 
pu-iate boundary conditions on the stiffness 
routine. The influence coefficients were 
la cements at the nodes on the lower surface 
des considered of interest were thc>se charac- 
mirror's X-Y plane. The influence coeffi- 
ase, is a full matrix of BO x BO size. The 
due to additional boundary condition restraints. 


1?6 




Primary Mirror Operational Dynamics Idealization 
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The mass matrix was for 
segment between any two 
nodes as shcv,r. telcw. 


.uiated by lumping the mass properties of the. structural 
node 3 at the midpoint of a rigid bar connect i ng -those 


fi -* 



Each lumped mass represents the mass properties, transformed to the plane of the 
lower surface nodes, of a mirror segment containing a portion of the upper and 
lower surface plates and the web of the rib or ring. 


The kinetic energy for the single; -'element shovm may be expressed in terms of the 
displacements at each end as: 


T =1 / 2c as [«a-_ 

+ 1/2 h 3 [( 6 

For the single lumped mass, the 
displacements as: 


111 

L. 

J 


,-<•> }) 

mass matrix may be written in terms of the node 







' .. '' 


6 A 

. 

' 

t» 


6 3 

4 

^ j 


Extending this single case to all the structural segments and summing terms at 
common nodes, the mass matrix J for the half mirror is generated. 


The technique of matrix iteration is used to determine the natural mode shapes 
and frequencies. The eouation3 of motion may be developed into a form suitable 
for iteration. 


Substituting 

or 


an assumed solution of the form 

6 = «. e iwt 
y = w* «. e iwt 


- w a 6 
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; new i 

A tabu.l a 

ticn o 

for the 

f/4 V' 
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ded as 

Figures 

5.3-9 
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Frima 
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JL- x_ - 


• — etric and the firs', six arnisyrvet ric nodes 
; rrief description cf the chars cteristic notion 
Icr.tcur plots cf the ncde share 


ire included as 




V-* 


vo cr.ar.ges v.-ere 


The rrirary mirror gerretry "-."as taken from the Fecke: 

made from the referenced gecuetry; the focal length was charred :r:n f/2 to f/ 4 
as described in 2 eerie r. 3*7, and the radial ribs were race c entire: us. The 
second change, has two advantages — fabrication of the mirror bland: is simplified, 
and the configurati.r is race m:re amenable to computer analysis. 

Only boost and operational lead conditions were considered in the analysis, Not 
enough is known about fabrication, storage, and transportation renditions to 
remit their const d-ration in a study of this nature. However, certain con- 
clusions car: L= drawn as to the allowable mirror load levels for any environment. 

Two conditions of stress rust be considered: first, overall mirror bending, and 

second, the bending of individual face unels. In general, these conditions will 
superimpose so that the maximum stresses vdll be directly additive. 

Hie critical stress level is one which produces maximum permanent set in the 
mirror material corresponding to one microinch r:ns deviation. Permanent set 
data were obtained f: c. tests of the precision elastic limit (VI/, defined as 
the stress required to produce plastic strain cf 10“ r in/in. Communications 


with beryllium suppliers and a review of the retail ur; 
revealed that the beryllium PV is, on the average, 2500 psi or above, depend- 
ing on surface conditions. Test data ind ; cates that no observable plastic 
strain occurs at f Cl of the PH. Therefore, 2000 psi is taken as the allowable 
mirror stress in the following discussion. 


v.. 


:V9 


Pcost Conditi ons - luring boost, the mirror is supported cn pneumatic bladders. 
For static 1 . r.d conditions without rotations, the supporting load must be 
uniform across the contact surface. Dynamic conditions could exist which would, 
by establishing a pattern of strong shock waves within the bladders, cause 
nonuni fornities in bladder pressure. However, for such a situation to occur, 
it would be necessary to develop compressible flow conditions j which, for the 
rigid body natural frequency discussed in Section 5*3*2. 2, cannot occur at reason- 
able amplitudes. Thus mirror bending can only be induced by nenuniferm. inertial 
loads resulting from varying mirror thickness. 

Rigid body rotations present a different problem. In order to generate restoring 
torques, the bladders must be segmented, preferably in both the radial and 
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FREQUENCY 

(CPS) 

MODE DESCRIPTION 

1 

9.66 

RIGID BODY TRANSLATION 

2 

17.86 

RIGID BODY SYMMETRIC ROTATION 

3 

20.82 

RIGID BODY ANTISYMMETRIC ROTATION' 

4 

390.5 

FIRST MIRROR RESPONSE - . YTIETRIC 
QUADRANT MODE W /TWO DIAMETRIC NODS LIN'ES 

5 

565.9 

FUNDAMENTAL DIAPHRAGM MODE V.'/CN'S 
CIRCUMFERENTIAL NODS LINE 

6 

893.7 

SECOND SYMMETRIC QUADRANT .MODE W/TKRES 
DIAMETRIC NODE LIKES 

7 

932.8 

I 

! 

DIAPHRAGM— QUADRANT COUPLED 'DDE W/ ON’S 
DIAMETRIC AND ONE CLRCUMFERSNTIAL NODE 
LINE 

8 

1400.0 

THIRD SYMMETRIC QUADRANT MODE V.’/FOUR 
DIAMETRIC NODE LIKES 


Figure 5.3-8 



First Mirror Mode - Rigid Body Translation 
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NORMALIZED PTf.PTAOEMENT 


Third Mirror Mode 

Rigid Body Antisyimnetrical Rotation 
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NORMALIZED DISPLACEMENT 










Fifth Mirror Mode - Second Plate Mode 
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c i rcumferenti al d; r-sct runs . 
from one bladder segcont to 
ten-Jing in the mirrcr. 


at ; one will 
her. These 


then produce nonuni form pressures 
nerve. nr form pressures will induce 


The nonrelational case was analysed on the basis of loading shown in Figure 
5.3-17. It was found that the; mirror mass distribution can be approximated 
very closely by an expression of the form 

m — p + h f?2 


where 


n 


mass 


per 


area 


= radi 


n 

a C 


The values of the constants were found to be 
a = 0.17-1 lb r /in : 
b = 4.033 x 10-£ lb r /irA 

The derived expression for the moment distribution and resulting stress level is 
extremely complex. The numerical solution for a load factor of 6.95 is shown in 
Figure 5.3-17. It car. be seer, from the figure that the maximum moment, 21.39 
in-lb/in, occurs at the inner radius. T 'nin moment procuces a maximum stress of 
4.94 psi. in the mirror faces. Tr A face panel supporting the mirror is loaded 
by a net pressure at this point of 0.96? psi, which produces a bending stress 
of 27.71 psi. The maximum mirr r stress level is thus 39.6-5 psi. The margin 
of safety for this condition is 

2000 i — gn n 
MS = 32765 “ 1 6 ° “ 3 

In the case of rigid body rotations, bladder restoring torqu-' and total inertial 
reactions must be equal . As in the nonrot at i oral case, terming arises essenti- 
ally as a result cf r.onunifcrmu ties in the mass distrain m , This load, shewn 

linearly varying load 
■ the rax imam value 


in Figure 5.3-18, car. be approximated conservatively by 
and simple support at the mirror cuter edge. In this ?c 
of the linearly varying lead is givsn by 


»' *= 


bft 

12g 


(1) 


where b = 4.033 x lO - ^ lb-yirA 
R = 60 in 

” angular acceleration - rad/sec^ 
g = 386.4 in/sec^ 

Maximum bending moment for this case was found to be 

72/3 


( 2 ) 
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at r = 34.6" 

where U — Foisson's ratio = C.03 

If rotational notion cf the mirror is assumed to be sinusoidal]}' vary! ng, the 
Re 'imum angular acceleration is riven by 


a = — 

R 

where 6 = edge displacement (assume 6 = 1") 

U) = rotational frequency 

= 66.1 rad/seo (from Section 5 ) 

Combining equations (l), (2), and (3): 

„ _ (5-tM)bR 2 8w 2 

. lwTi 


(3) 


= 1.987 in-lb/in 


This produces a mirror bending stress of 0.443 psi. In the worst case, this 
stress is superimposed upon a 3.23 g axial load which produces 2.30 psi bending 
stress. Panel bending is 12.9 psi, and the margin of safety on combined stress is 


p S = 2000 - 1 = 126.8 

12.9 + 2.74 

Operational Conditions - In operation, the mirror is supported by tangent bars at 
three attach points. Because of the discontinuous nature of the supporting loads, 
mirror stress levels are considerably higher than in the case of uniform supports. 
A general expression was derived for mirror bending moments as functions of R and 
Q for an annular disk of uniform weight. In this case, the gross effects of the 
point support loads will mask any nonuniformities in mass distribution, making 
the uniform weight assumption reasonable. 

The resulting bending moments, both radial and tangential, are shown in Figure 
5.3-19, Tangential moments were found to be more severe for all radial stations. 
The distribution of moment is approximately cosinusoidal with 0 where 0 ~ 3©. 

Thus, both positive and negative moment ^maxima are plotted in the figure. The 
maximum moment occurs at R = 60 1 ’; 0 = O’, 120°, 240 , and is given by 


F Wx = 2650 p ir.-lb 

where p is in psi. Using the mass distribution previously mentioned, with an 
allowable bending moment of 8970 in-lb, the maximum permissible acceleration of 
the mirror for a 50# margin of safety is 11.9 g's. 
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5. 3.2.4 Girnbal Design 



-* * - » v w* / V • 


1) Attenuate high frequency components of disturbances such that a 3 cps 
control system is adequate. 

2) Reduce the total level cf force transmission. 


Provide means to transmit the very lew frequency or 
to position MCRL relative to IX T . 

Provide positive location of the MCT sc that it car. 
fer servicing and man transfer. 


bital forces required 
be reattached to MCP.L 


.udy indicated a requirement for a gimbal between the spring suspension ?-d 
:e ’XT to minimize the coup-ling of translational forces with torque inputs. 


\ «= i rr. f:r i f. 


riteria *- The MOT' design used in the gi.rfcal concept is the same config- 


aticn used for Mode IIIC with the exception that it does not have solar panels 
;r electrical power. The concept utilizes a two-axis gimbal located at the CG 
’ the IDT and the outer gimbal ring is mounted in a spring suspension system that 
■evides a soft spring rate for six degrees cf freedom. The spring suspension 
•stem is mounted on an open frame truss-type structure which is permanently 
attached to the MOIL. The design of the spring suspension system is schematically 
she:—, in Figure 5*3-20. 


The design feasibility is based on the following data: 

o The allowable moment input to the IDT by the gimbal and spring suspension 
system is one inch-pound. This value is compatible with the control sys- 
tem. used in MODE IIIC. 

o Gimbal and spring design torque allocation of 0.25 in- lb for bearing 
friction, 0.25 in- lb for electrical cable torque, and 0.50 in- lb for 
spring force x CG offset, giving a total of 1.00 ir.-lb. 

o The maximum MOT CG offset from the girJbal axis is 1.0 inch. The maximum 
spring force is therefore limited to 0.5 pounds. The one-inch CG travel 
is based on limiting the change in expendables or. a 20-foot arm to 100 
pounds or a shift of a 400-pound mass 70 inches. 

0 Hie maximum displacement of the IDRL and truss structure relative to the 
gimbal attachment point is +5.90 inches along the X and Y axes cf IDT and 
+1.2 inches along the Z axis. The maximum angular attitude difference 
between the JDitL and the MDT is 0.5 degrees. The 0.5 degrees is taken to 
be the control accuracy cf the IDRL. 

o Maximum lateral and longitudinal forces tending to separate the MORL and 


195 







r 1 


D2-84042-I 





fore 


r. of the spring susp er.s.ic.'. -j 
2 C.S7I pounds. 


•2 to a 2 


c 


"V 


c cr gravit 


c Tr.o ar.rJil : : r displacement in roll about th*j Z axis is jC.5 degrees 

Analys is - The- free notion of the system shewn below was investigated. 



Tir.e did net permit an analysis with two degrees cf freedom, so only the trans- 
action was considered. With the low coupling present, this assumption 
Stic. The fundamental solution to t'-e equation of rr.cticn (response te- 
ar. impulsive forcing function F(t ) = l(o)) was determined. It is: 


s(t) = y^t) + y 2 (t) = ^ 


- j$t . 

e * s in w t 


y..(t) = motion of X?X 
y^(t } ~ metier, of MCT 

I = impulse of disturbance 


= mass of ID1L 

- mass of MOT 
I 2 — ’ 

con - ycr - _ natural frequency 

O = K/m* 

6 — 0 j^n * 

K *= spring constant 

& c 

m’ = 
t = 


damping 

time 
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The corresponding expression for force transmission is: 


F = iV^m* e °/ 2 tf 
*L 


c cos 


J l-c 2 /zTt»] 


, 1-CV2 . r tt 1 ,, 

+ z Sin V x-c jk t » 


v/here 


c = damping ratio = 




(c = 2 for critical) 


The force expression minimizes for c = 0.55* 

Real Values of F(t) - To determine the vibration isolation characteristic of the 
system, transmissibilities were calculated. Transmissibility for the system 
shown is given by: 

1 , / ftJ \2 

1 + (c - 77 - ) 
x o)m 



+ (< 


(0 


where: 03 = frequency of forcing function 

/IP 

= natural frequency of 'XT = y~ — 


T - ratio of MOT to MO Pi displacement at the 'XT CG 


Transmissibility of the system is plotted in Figure 5.3-21 for c = 0 and c = 0.55 
as a function of frequency ratio. 


The direct analog dynamic simulation of ’-XT primary structure was utilized to 
establish the vibration environment of critical system components. By driving 
the telescope with normalized forcing functions at the CG position and performing 
a frequency sweep, the structural vibration transmission characteristics of the 
HOT structure were found. The results for critical elements are plotted in 
Figure 5.3-22. The response in deflection per unit force is plotted as a function 
of frequency. 

Knowing the magnitude of vibrational disturbances arising in the MORI., the vibra- 
tional characteristics of critical elements in the IDT can be found by applying 
this data in conjunction with the transmissibility of the spring-gimbal system. 
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Figure 5.3-22 

Optical Element Response 
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—~SL±:L r ikylll'l-S}2_ - The mar. ii sturbar.c ,* uovl fcr evalua : cr. has characters sties 


sr.o'.r, below. 



TI//E ■ 


""star, response is evaluated by applying a superposition integi 
mental solution * • 


he iunda- 


y(t) = 


..tn 

y 


S(t-r) F(t ) dr 


where: F(t) = +? 


= -F 


t n fj 


Si* * 


0 < t 

4*1 

^2" ^ ^ ^3 

0 < t 

4*1 


4*2 

t 2 <t 

4*3 


t n = = 2.5 seconds 


t 3 < t 


Thus, four integrals were evaluated. For simplicity, only the case c - C is 
discussed. 


The force transmitted to the MOT is given by: 


Put, since 
Then 


F = K y(t ) 
a ~ K/m* 

F 88 o y(t) 
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fi 




4- 


on the values: 
177C ; 


*“1 

r, 2 = 

F o" 

f — 


775 olUgS 

60 31 r 

>3? slugs 


ho peak forces for varicu: 
cl loving table. 


* .r* • - .p'- Q" oC r< V* 


h-vn in th' 



his variation is plotted in Figure 5.3-23. 


■s ■ — i < 


j.3-23 demonstrates the desirability 


r t { 


suspension svsterr. natural 


recuencies. If, for example, torque induced by man disturbance forces acting 
on a one -inch offset cf the ginbal axis from the 1C 7 CO is to be kept belov 


0,032 inch-pound, the natural frequency of the suspension system must be lover 
than 0.0060 cps. This dictates a system spring constant along any axis cf 
0.0F17 pounds per inch. 


;:0FT Oscillation - The characteristics of the ICICI control system were assumed to 


V' 1 ~ >1 

* -o'-*——* 


be such that ICrLL will have a: 
produces a driving function given by: 


ir. certainty cf gy.5 degrees. This motion 


y - y sir. a; t 


where: y = deflection of spring supports induced by 0.5 degree rotation of 1071 


= 4.6?5 inches 
It- was assumed that : 


U) = 1 cps = 2 ff rad/sec 


The ratio of spring feres to static spring force, in other words the attenuation, 


is given by: 


< ’ j ) 




JL 

F. 


ft 


oj n 2 


- 1 


K 
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For Ct? = 2 JT r*i/s;C, 


F p2 ^ 


V 

(-^ T ^» 1) 


Thus, the fore*; induced by MGRi r: tat ions is unattenuatoi by the suspension 

C v ' * a»- 



Combin'd Leeds - The worst case of torque inputs to the MC? arises for orbital 
forces super:.*.'.: csed sics the :.ar. 1 s disturbance and the MGRL oscillation 
K = O.CrL/7 pounds per inch, the man's disturbance contributes C.032 rounds 
spring force and MORI, oscillation produces 


r r , ’*■' 




MCRL 


K 6 = 0.0847(4.7) 

0.39S pounds 


Tc these forces were added 0.GC2 pound for aerodynamic forces and 0.021 pounds 
for gravity gradient effects. Assuming a cns-inch CG offset, the result is a 
torque cf 0. 50 inch pounds due to relative translations of vhs MCviL spring 
supports and the !£T gir.fcal rings. This torque is applied at a mixture cf 
frequencies from the orbital frequency for aerodynamic forces to the "frequency" 
which characterizes MORL oscillations. 

Spring Geometry - For the spring layout shown in Figure 5.3-20, the vertical spri 
constant is 

K,. = 6K cos 2 6 




K = stiffness cf individual spring 
The horizontal spring constant is 
K„ = 3K sin 2 Q 

h O 


For these to be equal. 


tan 0*2 
o 


or 


© 0 - 54 . 7 ° 

If an effective spring constant of K is desired, the individual springs rust hav 
st iff ness 

K e 


3 sin © 
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n %, 

rcr ~ 

f* 


O.CW 


in/ia, 0 = 54.7 degrees 


K 


0.0847 


3(0.81647)' 


« 0.0424 lb/ in 


The equation for designing coil springs with round wire is 

K — Gd4 

64 n 


where: K = spring constant = 0.0424 lb/in 

G = shear modulus 
d = wire diameter 
R — coil radius = 1 inch 
n — number of active coils = 123 

For aiu.rj.num springs, G = 3-95 x 10^ psi. The resulting wire diameter required is 
0.097 inches. The solid height of these springs is 12.4 inches. For the maximum 
force condition, F = 0.5 pounds, the MOT translates 5.90 inches. Initial spring 
length is found by equating the solid height to the compressed spring length 

v/l 2 + (5.90) 2 - 2(5.90) L air. 9 ' , where L is the quantity sought. The result is 


L * 16.7 inches 

These springs present no difficulties in fabrication or installation. 

Pecause the suspension system geometry changes with stroke, the effective spring 
constants will vary. This effect is shown in Figure 5.3-24 for lateral and longi- 
tudinal motion. The effect of spring windup with roll displacements is to cause 
roll stiffness to develop. The resulting roll stiffness, K p , is shown as a 
function of roll angle in Figure 5*3-24. It should be noted that spring constants, 
Kjj and Ky, are shown normalized to their zero-displacement values. 

The effects of geometric variations of spring constants on tcrque inputs to the 
MOT have not been included in the analysis. Their consideration would require a 
reduction of the 0.0424 pounds per inch baseline spring constant, because of 
nonlinearities and the presence of roll stiffness. 

5.3,3 Thermal Distortion Analysis 

One of the ma.1or problems associated with an orbital optical system is the vari- 
ation of structural geometries due to temperature changes. Since no structural 
materials are available which possess absolute thermal stability (zero coefficient 
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cf iir.ear o./par.s: on) , the 



apj roach taken : r. MT 
itical coupe rents as mu 
affected as little as 



s was tc- stabilize the 
possible arid to design 
le by the regaining 


Secondary Mirror 3u:.rcrt - The st 
surfaces was found tc be relative 
are presented in Section 3.4*3. 


ture connecting primary and secondary optical 
critical. The tolerances which were applied 


Thro- a structural concepts for secondary mirror support were studied. These 
include: a semi-mcncccque cylinder, a three-tube linear support, and a six-bar 

determinate truss. The materials considered include 2029 aluminum and 5A1-2. 5Sn 
titanium. 7r.e concents and the appropriate materials are presented in Figure 

5.3-25. 


Analysis comparing these concepts v;as performed tc determine the critical temp- 
erature gradient required tc produce the permissible misalignment of secondary 
mirrcrs. A temperature gradient linear across the diameter was assumed. The 
aUcwable gradient is shown for the various concepts as a function of baseline 
operating temperature in Figure 5*3-25 . Lateral misalignment was found to be 
critical for all concepts except the three-tube sup pert, which is critical in 


Ml* 

Vllw • 


The final thermal data. Section 5.5, indicates 
are exceeded t'j the baseline design. However, 
second ary mirrors within tolerance by making t 
using the automated control system (Section 5. 


it is p 
he inner 


2.5.3). 


cor.dary alignment tolerances . 
ractical to hold the 
tube of titanium, or by 


Primary Mirror - Thermal distortions of the primary mirror were determined through 
the use cf the Eoeing-developed COSMOS machine program. This is a stiffness-method 
approach tc structural analysis which is capable cf computing thermal distortions 
in complex structures. The structural idealisation applied in primary mirror 
analysis is shewn in Figure 5 .3-26. It consists cf aar.y triangular plate elements 
joined at redes,. 


Temperatures were taken from the thermal analysis, Section 5, and interpolated to 
provide a temperature input for each node. The temperature case, for which data 
is presented, is shown in Figure 5*3-27. This is the case in which the primary 
mirror continuously views space and is the case which produces the least severe 
temperature gradients. Figures 5*3-28 and 5*3-29 show the other two temperature 
cases analyzed. It was assumed in the analysis that the mirror had been figured 
to f/4 at -54.9*F. 

Distortions of the mirror reflecting surface for the continuous-viewing case are 
shown in Figure 5*3-30* To evaluate the consequence of these distortions in 
teres. of optical performance, a least-squares paraboloid was fit to the data and 
the rms deviation evaluated. This paraboloid, represented by the equation 

2 

x m bx - a 

where b *= 0.520830766 x l(f 3 l/in 2 
a ~ 0.148754312 in 


20 7 







D2-3k 0^2-1 


I 



— NODES 


— PLATE ELEMENTS 


PLAN VIEW 


7 , 



SECTION 


Figure 5*3-26 

Primary Mirror Thermal Distortion Idealization 
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Figure 5*3-29 

Mirror Temperature Distribution - Doors Closed 
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rof resents ar. : ncre^se - focal length of O.CC/46 inch and charge ir. position cf 
the mirror surface of Z. eroir.chos. The resulting me deviation is 0 . 4 2 
micrcincheo. For 5 TOO A, this corresponds; to a X/3©*3 mirror. 

The deviation is large, dosr^te the very small temp era tore gradients, because of 
the presence of circur.ferer.tial gradients which force the mirror to depart frer. 
axial symmetry. Thus, entire angular zones cf the mirror 20-40 degrees wide 
deviate as r.uch as 1 rf.crcir.tr. frer. perfect figure. The circumferential gradient 
appear to ari.se frer. tangent tar heat leaks. These heat leaks car; be eliminated 
by improving the thermal isclaticr. of the tangent bars or by actively controlling 
their attach point temperatures. 

Theoretical analysis shewed that, for an isotropic material, a bulk change in 
mirror temperature produces r.c distortion of parabolic mirror figure. Hov/ever, 
a focal length change giver. 

A ° d 

Af = f T 


where f = fecal length 

® = coefficient of linear thermal expansion 

AT = Figuring temperature minus operating temperature ) 

results. This effect is shewn in Figure 5.3-31. The change in focal length is 
shown as a function of the operating temperature for a mirror figured at 70 C F. 

The thermal analysis shews the extreme of mirror operating temperature to be 
-54-9°F. which is reached for a continuous viewing 01 space. As can be seen 
from the figure, this produces a focal length change cf O.jcS inch. 

5.3.4 Meteoroids and Fad inti or. 

5. 3 .4-1 Meteoroids 

Me ter ©ids present two problems ir. telescope design. First, since the primary 
mirror must view sp-ace directly, it cannot be shielded frem meteoroid impacts, 
and particles of all sires will cause damage. Second, meteoroids which impact 
and penetrate the telescope walls produce secondary fragments which can impinge 
upon the primary mirror. 

Direct Parnate - To compute direct damage to the primary mirror it is necessary to 
evaluate the damage from each increment of meteoroid mass and integrate over the 
mass range. The following assumptions were made in performing these calculations: 

1) Flux is given by $ - 10 (j$ in number/ft^day, n in grams) 

•-1 2 

2) Minimum meteoroid mass is 10” gm due to the sweeping effect of solar 
radiation pressure 


3) An impact results in a hemispherical crater 0 with depth given by t 
& Charters equation, d/D « 2.2? ( 2^/ 6^) " /J (V/C r 7 , where D i 


the Summers 
is meteoroid 
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diameter, 0 r its density, 0 4 th*j d.-r.rlty if tar ra t , an d V/C the ratio of 
meteoroid v-jioc^y tc tar ret far n: ^ei of scur.i ( /i/0 ') 


A) = C.5 gr/cc, 

6 * t = 0.9 £m/cc (Kardgc:.), 

C = 15, SIC fps, 

7 = Whipple distrituticr. 

5) Average view factor for mirror surface is C.i- 

6 ) During rietecroid showers, shower radiants are avoided. Shower flux is thus 
ignored 

7) Mirror is exposed to space 40 percent cf the total tine in space. 

The results cf the integration are shear, ir. Figure 5.3-32. In three years, 

5.3 in 2 of the mirror have been destroyed. Tc reach the limit of 1.75 percent 
of the surface destroyed, the Unit specified in the Fecker report, 101 years 
are required. 


Secondary Parage - Danage produced by penetr 
such. Data is not available to support such 
known about the velocity or the nature cf se 
considered sufficient for this study to coup 
will penetrate in such a fashion as to damag 


tier, residue cannot be predicted as 
a calculation, since little is 
cr.iary fragmentation. It was 
.te the probability that no meteoroids 
the primary mirror. 


The work of Lur.deberg at Boeing was used tc 
to penetrate a specified wall configuration, 
was included, as was a correcticn for blccka 
shown that, for all but the most glancing in 
eluded in a cone with a 45 degree half-angle 
penetrated vail. Therefore, it was assumed 
the tube wall is important to primary mirror 


redict the size of meteoroid required 
For these calculations, shower flux 
:e cf flux by the Earth. Tests have 
acts, the resulting spray is in- 
having its axis normal to the 
hat only the first 140 inches of 
damage . 


The baseline wall geometry was evaluated, as were parametric variations of the 
honeycomb face sheet gage. Wall spacing, honeycomb depth, and insulation thick- 
ness were held constant. The results of the study are shown in Figure 5. 3-33 • 
The probability of no meteoroids penetrating in the sensitive area of the tube 
is shown as a function of honeycomb face gage. The baseline configuration, with 
0,01-inch wa31s, has a probability cf no penetrations of 0,947 for an exposure 
time of three years. 


5 . 3 . 4 . 2 The Radiation Environment 

The radiation environment encountered by the space system includes goo- 
magnetically trapped radiation (Van Allen Felts, Argus and Starfish radiation) 
and untrapped radiation (galactic cosmic radiation and solar particle event 
radiation). The flux, fluency (time integrated flux), and particle nature 
encountered in a *iven mission depends upon the mission parameters, i.e., 
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orbital altitude, inclination, 
the model environments used tc 
missions follows. 


eccentricity, and duration. A brief discussion cf 
determine the radiation clones for the MC.i.-HCT 


OeoraFnetically Tranced radia tion - The electron environment is provided by the 
electron grid compile d by Dr. far es Vette of Aerospace Corporation. The proton 
environment is given by three grids; the VEF b Li? compiled by Dr. Vette, and 
the P 1 compiled by Dr. /.’ilmct Hess of VASA Goddard. These grids are presented 
in Barton's report. The Aerospace grids are the best fcr the period extending 
up through 1966. To explain why this is so, the pre-tens and electrons are 
discussed separately. 

The flux of protons at : cw altitudes depends upon the solar activity. V.h.en the 
sun is active the atmcs ; .. :re is heated and expands outward to increase the 
probability of scattering less cf the trapped particles. Hence the flux at lov; 
altitudes is greater from l c 6j tc 19b? than it sould be from 196? tc 1972. The 
data compiled by Vette included the aerospace low altitude data of 1962 and hence 
reflects these increased fluxes. 


The same argument would apply fcr the electrons were it net fcr the Starfish 
experiment in July 1962, which populated the inner belt with penetrating electrons. 
The remains of this belt cf electrons are decaying principally by the scattering 
mechanism. Comparison at lew altitudes between the Vette electron belt and Hess' 
predictions of the remains cf Starfish place Vette s ' flux at. January 1965. The 
Vette flux nap includes seme cf the softer natural electrons so that the pene- 
trating dcse from these electrons compares with dose predictions from. Starfish 
at a date later than January 1965. Flux measurements are continuing sc we expect 
the environment to be updated probably before the end cf 1965. In the interim, 
the aerospace environment is a reasonable natural belts model fcr low altitudes. 

lint rar red radiation - It has been determined experimentally at the Earth's surface, 
in high altitude balloons, and in satellites that the radiation background in- 
creases with increasing latitude and that there are large enhancements cf this 
radiation which correlate with solar flares. This untrapped radiation consists 
of a galactic cosmic ray component which may be represented by the following 
anal"tic fern.: 


D 


solar max 


0 . 192 (L- 1 ) + C.072 

mrad/hour 

1< L<2.5 

O .36 

« 

mrad/hour 

2. 5 

0.54(L-l) +0.072 

inrad/hour 

L<2.5 

O.SS 

arad/hour 

L£ 2.5 


where L is the Me II wain parameter 

The solar particle event radiation is net significant fcr the lov; inclination of 
the M)T. 

In summary, the principal components of space radiation, to their peak daily fluxes 
and their energy ranges at altitudes 250 N Mi, are as follows: 
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Particles 

3nc rry 

Peak Daily Fluxes 

Protons 

10-300 Kev 

3 x 10 7 

Electrons 

0-10 Mev 

5 x 10 10 

Alpha particles 

0-300 Mev 

1C A 


At a first ar j-rcxir-ati 1 ' n, the radiation fluxes riven by the environmental me dels 
are assured to be isotropic. To encounter an effective angular distribution 
which is significantly r.or-isotrcpi c, the vehicle r.ust be orientated with respect, 
to the field line. 

Vehicular ar/1 Rr.ace Suit Shielding - The critical dose points for this study are 
the file., crew rr.er.bers 1 eves, and the cctical surface coat: r.rs . Because cf the 
extent to which space radiation interacts vdth material, it is important to con- 
sider the effect cf any material between the environment and the dose point. 
Rather than performing a detailed sector analysis of the spacecraft tc determine 
the mass distribution, • an approximate MDRL shielding of 2.0 gm/cm 4 of aluminum 
was assumed. The skin cf the IDT can is 0.6 gn/ cm. 4 . Vfhile ir. the ] 'CT , the 
space suit provides the astronaut with 0.4 gm/ cm additicnal^shielding. Minimum 
local shielding for the film is also assumed tc be 0.4 gm/ cm . The film storage 


cc; 

of 


-.partmer.t i>r. the MCRL is assumed to provide additional shielding f 
3.0 gm/cm'. Therefore, the analysis is concerned with dose and t 


for the film, 
treak dose 


rates behind shielding of 0.4, 1., 2. and 5. gm/cm . 


Radiation Effects and Tolerances - In order to provide a framework for the dose 
predictions tc follow', a description of the effects upon (or tolerances of) the 
sensitive materials is given. 

F ilm ^adlatior. Sensitivity - Incident charged particles transfer energy to the 
sensitized photographic grains mainly by exictation and ionization. This energy 
transfer can cause reduction of the grains to atomic silver ir. a manner similar 
to light quanta exposure . Radiation also breaks chemical bonds cf various long 
chain emulsion molecules important to film characteristics. Detailed effects 
resulting from this type of interaction are not completely understood at this 
time. Therefore, the assumed tolerances are based upon the film darkening 
effect. Radiation tolerances for widely used films covering a large range cf 
optical sensitivities are shown below. These tolerances were determined as the 
radiation exposure which would produce a net density change of C.3 above fog. 


Radiation Tolerances for Films of Various Optical Sensitivity 


Film Tvre 


Optical Sensitivity 
(Relative) 


Tolerance (Rad ) 


Micro-file 

5 

100 

Kedachrciae 

10 

50 

Fanatemdc-X 

60 

8 

Flus-X 

160 

3 
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Plus-X aereccn 

210 

2 

Tri-X 

400 

1 

Folarcid 

3000 

0.1 


Requirements imposed by a given experiment may bo more stringent on some charac- 
teristic of the film other than density, i.s., resolving power. Complete engin- 
eering data on all proposed films must include the effects of radiation upon 
these characteristics. Controlled temperature and humidity experiments indicate 
that some of the fog damage crused by the radiation can be repaired before 
exposure. Complete data on this effect for all films will also be required. 


Human Tolerance - For the purpose of this study, radiobiological tolerances levels 
used are: 


Organ 

Eyt 

Blood Forming 
Skin 


Tolerance (Rad) 

27 
54 
2 33 


Optical Surface Effects - The characteristics of interest for MDRL/MOT missions 
are the reflectivity, transmission, and fluorescence properties of the optical 
materials and mirroi surface coatings, and the latter’s ability to protect the 
polished mirror surface. Under moderately high energy radiation tests (Gamma 

1 kev, Proton^ > 10 Mev), significant loss of these characteristics has 
been obtained at/^10 4 rad. Radiation effects on transmission and fluorescence 
of optical materials have proven troublesome on every satellite containing 
optical experiments launched to date. Complete data will be required to properly 
design the optical systems. A systematic approach to providing engineering data 
for radiation effects cn optical materials to be used in space radiation environ- 
ment has not yet been undertaken. 

Although much remains tc be known on the effects of radiation on reflective 
coatings, the high UV reflectivity of MgF2 overccated aluminum mirrors appears 
to be relatively less sensitive to UV or moderately- high energy particle radiation. 
The effects of lower energy particles on the thin coatings of MgF are still 
unknown. ^ 


Radiation Dose - Radiation dose encountered by *D?.L/M0T missions at inclination 
angles of 28.5 degrees to 30 degrees is primarily duo to the protons and electrons 
trapped in the geomagnetic field. The geomagnetic field shields the untrapped 
radiation to a level of .0025 to.. 0035 rad/day, due to the galactic cosmic rays. 
The solar events dose is below this galactic background at these inclination 
angles, even during the largest events. The galactic dose is insensitive to the 
shielding thicknesses considered, so it represents a minimum yearly dose of 0.9 
rad/year at solar maximum and 1,3 rad/year at solar minimum. The daily dose and 
peak dose rates for '3DRL/V.0T missions are shown in Figure 5*3-34. 
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Cu Pose - The surfac; de::e is not, 3hcv,r. r evause the low energy environment 
is not as wull-kncwn. 0 An estimate of the surface d::,e can bo taken as five times 
that ir.side^ 0.4 gm/cir For example, the yearly surface dose at 250 V. Mi would 
be 3.6 /. 10* rad/year and 9 x. 10 4 rad/ year at inclination angles of 28.5 degrees 
and 30 degrees respectively. This represent:; an intolerable dose for all but 
high quality materials. Radiation effects data is urgently needed to properly 
assess the mission hazard. 


Fil m Dcse - V/ith minimum protection the film do 
MOT. Since up to ten days retention in the MOT 
dose of 60 rad causing severe fogging to any cf 
is received only while passing ever the South A 
in any one pass is 2.5 rad. Assuming i,hat the 
which supplies an additional 2.0 gr /cm ' of shoe 
1.3 rad/ day, or less than a 13 rad ccntributicr. 
maximum storage of 180 dap/s in the MOIL at 0.8' 


would Lmcly a maximum dose 


25 


cn 


!i 23.5 der 


This far exceeds the tolerances given for all 1 
five gm/cr. aaditional shielding for the stcrag 
16 psf) to reduce this maximum dose to 55 rad. 
most cf the films that have teer. considered. A 
radiation exposure or minimizing the effects cf 
the mission should also be studied. 


5 is 6 rad/da y at 250 N Mi in the 
is envisioned, this contributes a 
the sensitive films. This dose 
lar.tic. The maximum dose received 
film is inside a camera in the MOT 
I ding, the daily dose is reduced 
while in the MDT. Assuming a 
rads/da y before exposure, this 
rees inclination of 149 rads, 
ilr.s considered. It would take 
e compartment (bringing it up to 
This dose is st? 11 damaging to 
Iternate means of reducing the 
sxresure on the film's rcle in 


Human Dose - The mot,^ sensitive organ is the ey 
the eye effectively over the half space. Hence 
MORL is 50 percent of that shewn in Figure 5.3- 
of 0.8 rad/day at 250 li Mi and 26.5 degrees in 
chest is nearly identical to the eye dcse due t 
Hence the skin dose is a tolerable 145 rad fer 
eye dose exceeds the 2 t 0 lsran.ee level. To bring 
rads, about 15 gm/cm (30 psf) local protection 
passages ever the South Atlantic. This radiati 
during 7 to 8 orbits per day. The crew member 
hours during each six months outside the MORL/M 
bute about 15 rad to the eye in this mission, 
the I38T, where nominally an additional 45 rad v; 
scheduling, the skin and eye dose would thus be 
MORI activities away from the South Atlantic, t 
145 rad. 


c 


. VT 

cn 

is 

.V, _ 


7r.e crew member's head shields 
he expected eye dose in the 
This gives a daily eye ao.j 
Inaticn. The skin dose at the 
equivalent body shielding, 
eh six-month mission. The 
he eye dose level down to 27 
■culd be required during the 
. occurs in 10 to 20 minutes 
scheduled to spend about 40 
. This would nominally cor.tri- 
, ether 350 hours is scheduled in 
Id be received. With rand on 
TO rad. By scheduling the extra- 
mission dose can be limited to 


Summary - Photographic film is the most sensitive material .to be subjected to the 
space radiati'" - environment. Problems of image quality and contrast may dictate 
the. use of tfc cest available emulsions for the mission, independent of radiation 
sensitivity. In these cases, the sensitive emulsions must be provided adequate 
radiation protective shielding. The excessive shielding that would be required 
for the most sensitive films can be reduced by: 


0 scheduling resupply to avoid any unnecessary extended storage of the film 
before exposure. 

0 scheduling development of the film scon after exposure to avoid any 
unnecessary retention in the MOT. 


223 






EXPERIMENT 
SUPPORT TUBE 


| * B. 56 cps • 

! ... GK5SRALI2SD MASS - iMfe I£-SEC 2 /lK 



Figure 5.3-36 


First MOT Bending Mode 
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Figure 5-3-37 


Second MOT Bending Mode 
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Figure 5.3-38 


TMrd MDT Bending Mode 
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the ten; ■jraturn and humidity cf stored uuexr csed 1:1" * 


» lnt-1 


erase so much latent imago canned by the radiation a? rose: 
degrading its sensitivity and resolution characteristics. 


the altitude and/or inclination angle of the trajectory for 


mossier.. 


Scheduling and changing altitude cr inclination should also be considered, 
•.nth eye shields, as alternate means of avoiding harmful dosage to the err. 


*-! v. — ‘ J ^ ^ I 


. o a e ^ 


h-narji c * n a ; v : 


The d;T*ej:ic characteristics cf the telescope in a free floating configuration 
were investigated by use of a direct analog computer, with voltage analogous to 
velocity, current to force, capacitance to mass, and inductance to spring fieri- 

t o It f - - - c a*- • of* f C eg* - i - r vro-^sk 4" o I'ln-!' ro *- o c V ~ vj <m «»* •? f ram >nr r>-, no 

^ ^ ^ i ^ C- v.ij o Oo au^ ■< vO vji— i .. . ^ i i. » w C> » i C A ^ ^ cu * * »*- .4. a 

of the baseline structure as required for the servoelastic analysis pei formed 
by General Electric, and to examine the effect on the telescope dynamics of 
structural parametric variations. 

5.3.5* 1 Structural Representation 

For application to the direct analog computer, the telescope structure was 
assumed symmetric and idealised as a set of elastic beams and attached masses 
coupled together by linear springs. This idealization allowed motion in lateral 
translation and pitch rotation, the two motion sources considered of interest for 
this analysis. The general arrangement of the idealization and the coordinate 
system, are shewn in Figure 5*3—35 - 


The elastic, properties of the beans used in the analogy were scaled to match the 
bending and shea:' stiffness values of the telescope tubes. Stiffness values cf 
other structural elements were either made equal to equivalent beams cr represented 
by translational springs, depending upon the element ! s orientation. Each bear, 
used ir. the ana.' ~gy was divided into the segments shown in the i dealization 
sketch. This s. -renting was necessary tc achieve a lumping effect and to provide 
adequate Iss.rip.icn of the motion, since displacements and rotations were 
r.easur-r, r .' at the centers of each segment. 

by equating the component, structural properties to the analogous electrical 
elements and applying appropriate scaling lavra, an analog circuit was developed 
to represent the baseline telescope structure. 

This circuit was modified when necessary for application cf the structural 
parametric variations. 

5. 3. 5. 2 Rase line Configuration .'lode Shapes 

The natural free-free modal frequencies and the associated norralized mode shapes 
were obtained for the baseline configuration. The first three node shares are 
plotted in Figures 5.3-36 through 5.3-3?. A summary of the normalized nodal 
displacements .and slopes are included with the lumped mass characteristics in 
Flours 5.3-3?. 
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Figure 5. 3-l<0 

Effect Of Cabin Support Truss Stiffness 
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Figure 5. 3-^1 

Effect Of Inner Tube Stiffness 
231 



JHBQUENCY IN CPS 



Secondary Tube Support Stiffness Condition 


Figure 5. 3-42 

Effect Of Secondary Support Strap Stiffness 
Two Support System 
2J? 
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HOMINAL 2X NOMINAL 4X NOMINAL 

Secondary Tube Support Stiffness Condition 


Figure 5.3-**3 

Effect Of Secondary Support Strap Stiffness 
Three Support System 
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5.3. 5.3 Paran.etr 1 c 7a 


r -*.<1 ^ ^ v. is 


To evaluate the effect of a structural component st: 
dynamic character* > stir 3 of the telerccpe, the stiff.-, 
individually varied, The shift ir. r.odal frequencies 
indication of the effect or: dynastic properties for t. 
When stiffness variations involved a major weight ch 
ments were made for the mass and inertia elements of 



s change cr. the overall 
f major elements was 
noted, and taken as an 
arametric variation. 

corresponding ad just - 
ana Ice circuit. 


Figure 5-3-40 shov.*3 the frequency shift of several 
stiffness of the six-tar truss tie between the cat 
A significant decrease in its displacement for the 
shear stiffness of this truss was increased. 


sec one. me a 


changes in the 
r tube structure, 
e was noted as the 


The effect of increasing 
Variation of stiffnesses 
secondary optics tube pro 
system with two supports. 


the skin gage of the inner to 
for the flexure tie bars and 
duced frequency shifts as she 
and in Figure 5.3-43 Ter a t 


e is shewn in Figure 5.3-41 
he tripci supporting the 
r. in Figure 5.3-42, for a 
ree-suppert system. 


Results of varying the bending stiffness for the secondary conic tube and experi- 
ment support tube are shewn in Figure 5.3-44. 


The additi a of a third mirror to the secondary optics oackage at 
resulted in a first mode frequency reduction to S.Cq cos frero the 
of 8.56 cps. 


station 400 
baseline value 


An increase in insulation weight and a shift in placement fro 
the inner tube to the anterior surface of the outer tube resu 
reduction of modal frequency. For this case, the fundamental 
from 6 .O 4 cps to 5.76 cps. 


: the exterior, of 
.ted in an additional 
frequency dropped 


5. 3.5. 4 Structural Response 


The structural response to a step input force was determined at 
the telescope. The input unit force was applied tc the cuter t 
corresponding to the terns scope center of mass. The resucr.se, i 
tion, was measured at the f/4 mirror support, at the outboard e 
and outer tubes, at the experiment package support, and at the 
mirror support. The time history responses of the f/4 and f/15 
in Figure 5.3-45 for a unit input forcing function. 


several points on 
ube at the location 
n terms of accelera- 
r.ds of the inner 
f/15 secondary 
mirrors are shown 


These time histories are typical of the responses measured at the other locations. 
The maximum acceleration response was 0.00145 g' s/unit force measured at station * 

501.5 on the outer tube. Response frequency for all cases was approximately 30 cps. 

5.3.6 Conclusions and Recommendations - Structures 


Studies of telescope primary structure, dynamics, thermal distortion, and response 
to the launch and meteoroid environments revealed certain Important facts about 
the structural design of the .MOT. These are discussed in detail in the following 
paragraphs. 
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5.3-6.} Launch Lr.vircnmer.t 

Tftcs.^ C r. measured data available, the maximum a ecu a" ic ar.v: r : *ment will be on the 
order of 135 tc ii»C' dfc, ar.d the expected vibrat: cna. or.vir ;r_'r.er.t vc } 1 be about 
1.23 £ „ laterally at a frequency of 825 cps. Ir, conjunction with an analyses 
cf sVbbfvral attenuation, an evaluation of mirror ar.d eqvirmer.t response to 
these environments should be conducted to determine the recuire.v.ants for a boost 
isolation system. 

5.3.6. 2 Boost Lead Factors 

The maximum lead factors used for sizing the telescope structure are +6.95 axially 
ar.d +2.91 laterally. A detail*-! analysis of the complete air vehicle will be 
required to determine the boost 'cads and prove compatibility between the tele- 
scope structure and the 3— IE booster . 

5. 3. 6. 3 Primary Structure 

Materials - I^terials trades indicate that: 

1) Fiberglass should be employed in areas where minimum heat leak combined with 
maximum stiffness and structural strength are desirable; 

2) Titanium should be used in structural areas wr.ere maximum. strength and 
stiffness with minimum thermal deflection are required. 

Structural Concepts - Investigation of structural concepts has indicated that^ 
determinate structural ties should be employed in the support of critical optic? 1 
elements to eliminate the transmission of stress-induced distortions. However; 
since such structures are inherently weak in shear, their use must be tempered 
with considerations of vehicle flexibility as it affects the servoelastic 
rrcblem. 


5 3.6.4 Mirror QiTiand.cs 

The rotational response frequency of the f/4 primary mirror supported on seg- 
mented bladders with an internal pressure of 2.64 psig is 10.5 cps. A detailed 
analysis of the f/4 mirror supported at three points by the tangent bars show-s 
the ~igid body rotation frequency to be 17.6 s ops, well separated from tho first 
mirror mode of 390.5 cps. The tangent bars and bladders are flexible enough tc 
allow the vibration nodes cf the supported mirror to approach free-free conditions. 


5. 3. 6. 5 Mirror Stresses 

Analyses of stress distributions in the primary mirror doling boost and in opera- 
tion" have revealed that large margins of safety exist between applied stresses 
and the 2000 psi limit which prevents microyield. These results indicate that, 
for the conditions studied, the mirror is overstrength. It appears that the 
nirror will be sized for manufacturing or figuring conditions or for thermal 
performer j. 
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5 • 3 • 6 . 6 Girrl-a "! Pos.i g.n 

Investigation of the s'.fo 
siraints of a limited c: r.v 
data, and linearized iq-, -.0 
Specifically, the stuiy 1-3 

o Disturbances arc sir. 
system having ar. ef 

o The springs require 
being 2 inches in i 
aluminum wire tc a 

o The supporting stru 
the I-JCra. is adapt at 

5.3.6. ? Thermal Distcrtic 

Analysis ol structural cc.n 
mirror have shown that sec 
diametral temperature grad 
3»6°Tfor titanium struct nr 
reveals the actual gradier. 
using aluminum does not me 
result in a suitable p^ssi 
temperature gradient three 

The alternative, use of au- 
to the secondary design sh 
of this study - 

Figure deviation due tc th 
X /36.3, which occurs vhe: 
temperature changes. This 
gradients induced by tar.ge: 
demanded by optical perfcr: 
methods of 1) designing a : 
ents or which produces lev 
reduced heat leaks through 

5.3.6. P Meteoroids 

Meteoroid studies associate 
ment does not present a pr< 
showing that: 

1) Damage to the primary : 
in a three-year pericd, 
destroyed. A pericd c: 
function of diffractie: 
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1 cor.cejt demonstrated , within th.; 
r.vestigati on, use of existing girbo 
of motion, that the concept is feas 
rated that: 


study ccn- 
] rearing 
ib! e. 


g in the MCHL car. be acceptably ationuat 
festive spring constant of 0 , 0 8^7 pounds 


d by a spring 
per inch 


d tc produce this spring rate are physically practical, 
i -rater, 16.7 inches long, and wound with 10 gage 
pitch of £ coils per inch; and. 


cture necessary to couple the spring-gimbal system, te- 
le tc- the boost payload envelope constraints. 




sis 


certs for connecting secondary optics to the primary 
cr.dary mirrors remain within optical tolerance if the 
lent is less than 2.0°F for aluminum structure or 
s. Thermal analysis of the structure using aluminum 
t tc be about 3.0°F. In consequence, a passive system 
e: the optical requirements. Titanium structure would 
ve system if its use did not aggravate the diametral 
gh titanium's reduced transverse conductivity. 

t crated secondary alignment control, is applicable 
cvr. in Figure 5.2-16 and is the suggested method 


srral distortions of the primary mirrer is, at best, 
the primary, mirrer is protected from any transient 
deviation ■ esults largely from circumferential 
cc bar heat leaks. The deviation exceeds that 
tar.ee. Thus, further study should ccncen. rate on 
rirrer which is less sensitive to temperature gradi- 
;r gradients from given heat inputs, or 2) achieving 
the tangent bar supports. 


d with the MOT indicate that the meteoroid snviron- 
■blem to the feasibility or operation of the telescope, 


rfrrcr from direct meteoroid impacts is insignificant 
, In this time, 0.05 porcont of the mirror surface is 
r 101 .ear? is required to destroy the mirror's 
c limited performance by direct impacts; 
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*) Any da~are to the r. r i ra r y r.irror by secondary spray result: r 
c-n the telescope wall has less vhati a 5.3 percent chance of 
three-year period. 

5.3 . 6.7 lei escape Flexibility 

The funda~.er.tai nodal frequency of the baseline telescope structure 
mined by analog sir.ulaticn, is 8.56 cps. This frequency ray be ra; 
by appropriate changes in the stiffness of structural ccr.por.er*. s. 


as ieter- 
‘i cr lov/erei 
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$.4 ATTITUDE C0KPK0L 


5*4*1 Summary and Technical Approach 

The MOT attitude control system study vas accomplished primarily to demonstrate the 
feasibility of meeting the high accuracy attitude control requirements (0.01 arc sec 
and secordarlly, to optimize the design of the system. Chronologically, the efforts 
supporting these objectives were transposed. 

In attempting to determine the optimum MOT configuration, eight concepts were genera- 
ted at the Initiation of the study. The control effort until program midterm was 
predominantly spent in assessing the relative feasibility of these concepts. The 
effort consisted ralnly of: 

o Establishing pointing requirements for each observational experiment 

o Establishing internal (crew notion) and external (gravity gradient) 

disturbance torques for each operational configuration 

o Translating the above into control system performance requirements on 
each operational mode and assessing the feasibility of meeting these 
requirements using extrapolated state-of-the-art control hardware 

These comparisons were then used to select two of the eight modes, the floating socke' 
and the detached node. Since these modes were very similar from the control aspect, 
the effort vas easily narrowed into a detailed Investigation of the expected perform- 
ance,, In which realistic control hardware and telescope characteristics were consid- 
ered. These studies indicated that the requirements could be oet. With feasibility 
established, future studies can proceed into a more detailed examination of the poten- 
tial problem areas uncovered (see Section 5*4.6). 

Observational Program Pointing Requirements 

The nature of the fine pointing ta . requires a very close Interface with the tele- 
scope and scientific Instrumentation design, since the observational program dictates 
fine pointing requirements, and because the fine pointing sensor Is an integral part 
of the instrumentation and utilizes the collection aperture of the primary mirror. 

Each of the observational programs was thus reviewed to determine the various possible 
fine pointing seneor configurations, and the advantages and disadvantages of each. 

Ho single program is clearly more difficult or demanding than all others, rather each 
is complex In its own way. A summary of sensor considerations for the six observa- 
tional programs is shown In Figure 5*4-1. 

Figure 5*4-2 tabulates the most stringent of these requirements, as veil as the 
requirements for the other functions the attitude control system must perform. A 
detailed discussion of these requirements Is contained in Section 5 * 4 . 2 . 

System Description 

The proposed attitude control system for the MOT is shown In block diagram form In 
Figure 5*4-3* This system makes maximum utilization of experience obtained from the 
Orbiting Astronomical Observatory program and the advanced concepts resulting from 


240 




77 ! Xi 


241 




D2.0UOU2-1 
FIGURE 5.4-2 

ATTITUDE .OOmOL. REQUIREMENTS 
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Pitch, Poll, Yaw 
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SUM ACQUISITION 

Pitch aud Yaw 

Pitch, Yaw, and Roll Rate 

Acquisition Time 

ORBIT AMD STATION KEEPING 
Pitch, Roll, Yaw 
Maximum Frequency 

DOCKING - >ft)T TO MORL 
Pitch, Roll, Yaw 
Control Authority 
Maximum Frequency 


STAR ACQUISITION 

Coarse Pointing - Pitch, Yaw, Roll 
Initial Star Acquisition Time 
Reorientation in Coarse Mode 

Intermediate Pointing 


+0.5 degrees 
2.3 minutes 


+0.25 degrees 
+ 0.09 degrees/sec 
Z minute 3 


+0.5 degrees 
Every 9 hours 


Manual control 
0.1 ft/sec* - 1.0 deg/sec 2 
5 per year + 10 for unsched 
maintenance 


+3 arc minute p 
15 minutes 

5 degrees in 2 minute. s, 90 degrees in 
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+2 arc seconds 


FINE POINTING - Performed on dark side of Earth only 

OR AXIS - MOT optical axis coincident with fine error sensor null axis 
Pitch +0.03 arc seconds 

Yaw +0.15 arc seconds 

Roll +3 arc minutes 

Star Magnitude Toth magnitude or brighter 

Maximum duration 10 half -orbits 


OFF AXIS - MOT optical axis has angular 
Absolute Pointing 
Pitch, Yaw 
Roll 

Stability and Repeatability 
" Pitch, Yaw 
Roll 

Star Magnitude 
Maximum Duration 


offset from fine error sensor null axis 

+0.2 arc seconds 
+30 arc seconds 

+0.01 arc seconds 
+4 arc seconds 
+11 to +13 
10 half-orbits 
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it. It provides automatic stabilization of MIT residual angular rates up or. -v. - 

tion from the booster. It provides control through the initial rendezvous with the 
M0RL. During these periods, the gyro reference system and the reaction Jet3 are 
used. After rendezvous, a stellar reference is acquired through a programed roll 
search procedure to establish the coarse pointing mode in vhich the attitude refer- 
ence is obtained from star trackers and control torques are generated by control 
moment gyros. In this code, the MOT may be reoriented to any predetermined 
celestial attitude vith an sccuracy cf 3 arc minutes. 

An intermediate star tracker is required to permit transition from the spacecraft 
coarse pointing mode to the fine pointing mode. A direct transition from the ccnrss 
to fine pointing modes vould require a highly accurate coarse pointing n:ce, vith 
attendent penalties on spacecraft thermal and structural design, and veu/d require 
e very vide linear range on the fine pointing sensor. The intermediate pointing 
sensor should employ its cvn small (6- to 12-i.ch diameter) objective and be inde- 
pendent in operation of the main telescope, but boresighted to it. Attitude hold 
is maintained by the intermediate pointing sensor reference until suitably low point- 
ing errors and error rates are achieved, at vhich time the control is switched to the 
fine pointing sensor. 

A gyro reference package provides the required inertial reference during occult at Ion 
of the fine pointing sensor. Large angle slews will also be accomplished vith this 
gyro reference system and the CMG's. During the coarse, intermediate, and fine point- 
ing, the MOT is controlled by torques generated by a control moment gyro. These 
codes involve holding inertial attitudes over long periods of time, during vhich the 
effects of external disturbances must be countered. The CMG's will counter them over 
a single observation period (cne-half orbit) but over a lon^r period of time will 
require desaturation. This will be provided by a low thrust reaction Jet subsystem. 

An additional function required in the de+ached mode is the docking of the MDT to 
the MDRL for major repairs or refurbishment. This will be accomplished using the 
gyro reference system and the reaction Jets. The MORL-based crew will command the 
MOT to perform the docking. The angular degrees of freedom will use rate command 
loops, the linear degrees of freedom will use acelleratlon commands. All the above 
items except the fine pointing are felt to be vlthln the state of the art; conse- 
quently, most of the analyses were restricted to that mode. 

As a result of the program midterm recommendation for a completely detached MOT, a 
control philosophy was adopted vhich favored a high static accuracy and lev bandwidth. 

For the purpose of conceptual design of the attitude control system, the 0.01 arc 
sec performance requirements derived from study of the desired experiments were 
assumed* A nominal apportion-ent of the total error allowed 0.001 arc seconds each 
for electronics null offset, sensor mechanical and electrical null offset, and error 
equivalent due to sensor noise. The remainder of the allowable errors are allotted 
to residual control equipment Inaccuracies and overcoming the disturbances to the 
system* . Since the system as conceived exhibits a steady state offset that is pro- 
portional to the input torque disturbance, a high gain la required to minimize this 
error* A low bandwidth vas desired to minimize tha high noise levels Inherent in 
high response systems and interactions with the vehicle bending mode frequencies. 

Tha final bandvldth chosen vas 10 radians/second. To obtain the lov response, high 
gain system, an elaborate lag compensation network was required. For the fine point- 
ing mode the studies indicate the control moment gyro to be more suitable than 
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Inertia wheels cr reaction Jets for the bandwidth selected. Twin rotor, single- 
degree -of -free den control moment gyros vert* selected as tcrquers for the study, be- 
cause they offered the best probability for dercnstraticn of control system 
feasibility. With a tvin CMO for each axis, tr.e gyroscopic cross coupling 
inherent in a single gyro system is eliminated. Also the tvin CMG approach is 
suitable for the advanced design concerts utilizing brushless glmbal tcrquers and 
Internal eddy current damping. 

Tvc basic sensor types have emerged as desirable for the MCT fine pointing sensor. 
These are a null-type sensor using photomultiplier detectors capable of a very nar- 
row linear transfer function range, and an image tube sensor using an image orthiccn 
detector with a vide linear transfer function range, and serving the dual role of 
spacecraft control sensor and TV pickup for visual observation. The specific sensor 
requirements vary vith the observational programs, but the overall similarity in 
basic sensor characteristics is great. In many cases the same sensor type vith 
minimum modification will be adaptable to several observational programs. 

An estimation of the MOT fine pointing sensor characteristics for the 1975 ’time 
period has teen made. Figure summarizes the results for a null-type sensor 

employing a photomultiplier detector. Fcr the conditions specified, guide stars 
brighter than 12.5 visual magnitude art suitable fcr a sensor linear range of 0.1 
seconds of arc. This is based on an cff-axJs star, for on-axis stars vhere light 
sharing is necessary, this reduces to 10- i 1 , depending on the optimum light* 
sharing ratio betveen the experiments and t.« fine error sensor. The effect of 
using a guide star of higher magnitude is to increase the sensor noise for the same 
linear ^ange. This nominal combination vas considered the best compromise betveen 
control system performance and availability of guide stars to permit off axis 
pointing to any location in the celestial sphere. 

Aralysls 

A considerable amount of analysis vas performed cn the disturbance environment for 
the MOT. The external disturbances contribute mainly to determining the size of the 
required control hardware. For example, the comparison of the relative external 
disturbance torque impulse as a function of vehicle size, is shown in Figure 5. £-5. 
This illustrates the smaller momentum storage requirement and therefore the smaller 
momentum transfer devices required by the separated MCT, a factor to be minimized 
for minimum Internal disturbances, 

Dhless counteracted, the internal (i.e., crew motion) disturbances in the attached 
node will Induce pointing errors larger than permissible. Since these disturbances 
my be applied rapidly, they require a fast actirg control system to counteract them. 
Cne method of minimizing these disturbances is to glmbal the MOT. Even with friction- 
less gimbals, offset between the CM and glmbal axis will cause disturbances which in 
turn require large control bandwidths as shove in Figure 5.1 *-6. An exception to the 
above is the soft glmbal mode which replaced the floating socket mode in an attempt 
at a simple solution to the station keeping problem without introducing appreciable 
crew disturbance coupling. 

Knowledge of the disturbance environment permits the synthesis of a system to satisfy 
the requirements. The actual performance of such a system cannot be analytically 
predicted however, because the system non-linearities normally determine this per- 
formance. An analog simulation vas thus resorted to as described in the following 
section. 
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Performance Verification 

In accordance with the desire for conclusive proof of feasibility, an in-depth servo 
elastic study of the fine pointing attitude control loop concept vas accompli sted. 
This included a computer simulation of the loop complete with component non- 
linearities and the flexible vehicle transfer function. 

Computer simulation vas limited to the study of the fine pointing since coarse and 
Intermediate pointing are essentially state of the art. The simulation demonstrated 
the feasibility of attaining better than the 0.01 arc see stability . These studies 
Indicated that the major error source vas due to the CMC g label friction. This 
quantity causes a characteristic oscillation In the aystera. The amplitude cf this 
oscillation can be diminished by Increasing system bandwidth (thus the increase from 
the original 1 rad/sec bandwidth). Figure 5.4-7 shows some typical results from 
this st:-dy. They indicate the worst case oscillation is +0.007 arc sec, while the 
effects of sensor noise and external torques tend to reduce the oscillation ampli- 
tude. This is due to their linearizing effect on the CMC. The effects of disturb- 
ances and noise vlll be beneficial only so long as the basic error they Induce is 
less than the friction Induced oscillation. This *is shown in Figure 5.4-8. The 
reason that the noise initially increases performance is that it acts as a dither 
on the CMC gimbal. This dither essentially reduces the effect of the stlctlon by 
keeping the gimbal continuously in motion. The reason that external disturbances 
Initially increase performance is that the CMC must continuously precesa to absorb 
the disturbance momentum. This motion makes the frictional effect only a steady 
offset, the value of which, for low level disturbances, is rather small. An import- 
ant item in the latter case is that the disturbances vary sufficiently slowly, ex- 
ternal- disturbances such as gravity gradient and aerodynamic torques qualify, 
internal disturbances such as crew disturbances do not. As expected, biases from 
control components cause the control limit cycle to be unsymmetrical -abort null. 

It should be noted that the value of CMG gimbal friction (0.05 oz a) used in the 
simulation vas approximately twice the value considered to be achievable. 

Man's presence vill be an invaluable aid in carrying out certain attitude control 
tasks for the MOT. Man's role in fine pointing breaks down logically into tvo 
categories— those functions he vill perform st the telescope, and those he will 
perform remotely. Bis functions et. the telescope Involve mainly maintenance, setup 
and subsequent coarse realignment. The remote functions of mar include both equip- 
ment fine alignment and target acquisition. The alignment of the fine pointing 
sensor to the scientific instrumentation and telescope must be done to within a few 
hundreds of an arc second (spectrometry). This alignment vill have to be cade and 
checked frequently, hence it is a function for which man must become adept. Man 
vill also participate remotely in the observational program. For example, in plane- 
tary spectrometry it vill be necessary for man to orient the telescope to selected 
portions of the planet vlth higher precision than can reasonably be achieved vlth 
an automatic system. 

Conclusions 

A general conclusion derived from this study la that, disregarding the absolute 
pointing, it la feasible to stabilize the telescope to within 0.01 arc seconds. If, 
in addition. It is desired to point the telescope vlth in 0.01 arc seconds of a par- 
ticular star, this la feasible based on light sharing of that star. In like manner. 
It has been shewn feasible to point tbs telescope to any arbitrary direction to 
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with in ~.2 arc s cervl. In Hdditio;: to proving feasibility, a substantial amount of 
;<er forma nee trade data was developed, and, to a limited extent, used in this study. 

A high probability of feasibility ha 3 been determined for the soft gimbal concept. 
Present studies indicate a pointing error of about 0.003 arc 3eccnd greater than 
that cf the detached mode. 

All fine pointing sensors should share the primary telescope collecting aperture 
with the scientific instrumentation. This is necessary not only to provide suffi- 
cient light gathering power and small diffraction pattern images, but also because 
it would be an extremely complex task to boresight separate telescopes to the re- 
quired accuracy and maintain this alignment for extended periods of time. The fine 
pointing sensor design should not rely on diffraction limited images for diffraction 
limited operation of the main telescope. This is a necessary condition for these 
observational programs where the sensor is offset a significant distance from the 
tele score axis. 

* The best present day detectors (highest detectivity) for the fine pointing sensors 
use an S2C response photoelectric cathode in the form of photomultipliers- or image 
oithiccn detectors. Significant Improvement in detectivity, particularly in the 
image-type detector, can be expected in the next ten years. A solid state analog 
of the photomultiplier is currently in development and offers promise of detectivity 
improvement by a factor of two or three. Assuming minor advances in these detectors, 
the basic technical feasibility of providing fine pointing sensors to meet the 
scientific objectives of MOT has been established. There are no fundamental problems 
related to sensor development that will compromise tele scope /instrument at ion 
performance. 

The most likely control system torquer is the control moment gyro. It emerges on 
top due to its inherent mechanical torque gain and small size, weight, and power. 
These, in turn, enable it to be constructed with extremely large dynamic ranges in 
its output torque (easily over one thousand to one). 

Reccmnendations 

A very important area of required activity involves the breadboard fabrication of 
the fine pointing sensors and control moment gyros. These items must be built and 
laboratory tested to provide the experimental data to keep the analytic studies 
realistic. The present state of knowledge as to their realistic characteristics is 
not adequate, and since these items are by far the most critical in the control 
system, this program is very important. 

A complete analysis of the MOT-MORL soft gimbal control system taking into account 
the active non-linear control system must be performed to further demonstrate feasi- 
bility of this concept. This concept is very promising since changes in the soft 
gimbal concept may be made to enhance the control system feasibility (e.g., addition 
of a roll gimbal or softer springs). 

The trades existing between subsystems have made it apparent that the final design 
criteria for the MOT will emerge only after repeated iteration of the scientific 
program, acientifie instrumentation, fine pointing sensors, control loop, and all 
other facets of the spacecraft. Closely associated is the need for a detailed 
definition of the observational program, including the consideration of the 
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subsystem capabilities developed in this program. 

The fine pointing sensor study discovered several areas of fruitful further study 
on the sensor problem. 

1) Thermally induced structural/electronic instability. 

2) The in-orbit optical alignment of sensors to the scientific instrumentation 
and telescope. 

3) The conflicting censor requirements of large linear range for acquisition and 
narrow linear range for tracking. 

U) Very accurate image motion compensation techniques (introduced at spacecraft or 
scientific instrumentation) must be developed for planetary observations. 

5.^.2 Requirements 

The main functional nodes of operation required of the MOT attitude control system 
are rendezvous, crblt and station keeping, docking, maneuvering and target acquisi- 
tion, and fine pointing. 

Rendezvous 


Attitude control is required during the initial rendezvous of the MOT with the MDRL. 
Coarse attitude control (-0.5 degree) Is required during the propulsion phase of 
this maneuver, which is 3^0 feev, per second of incremental velocity. The active 
propulsion phase will last only a few minutes followed by a long coast period. 

" Orbit and Station Keeping 


During the detached mode, the MOT and MQRL will teed to separate due to differences 
in their ballistic coefficients. Since It is desirable to maintain their separation 
within one mile, the vehicle whose orbit is decaying faster will be continuously 
station kept. Right hours is estimated as the minimum time between these orbital 
corrections. Low performance attitude control must be maintained during these cor- 
rections to insure the proper inertial orientation of the resultant velocity correc- 
tion vector. In the attached modes, the .orbit keeping is assumed to be exclusively 
a MQRL function. 

Docking 


In the detached mede, it will be necessary to dock the MOT to the MORL for major 
repairs or refurbishing about fifteen times per year. It la required that the MOT 
perform the actual docking since It is the lighter vehicle. This docking is antici- 
pated to be controlled by the MQRL crew commanding the MOT attitude and orbit con- 
trol subsystem. The MOT control authorities must be suitable for the pilot to 
remotely perform the docking function. Although most of the data on this subject 
available to date is with the pilot in the maneuvered vehicle, it is expected to be 
applicable. This is due to the ability of the pilot to work with very low control 
authorities, and at these levels, hie own physiological feedbacks are negligible. 

The required uncoupled control authorities are thus 
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To permit accoc.p2i3r.in7 the observational or 
any desired orientation in the s-'.-jcr.-.iol : 
Sun line of sight. A maneuver end acquis it i 
required. Time for larger angle maneuvers i 
infrequent and during light side operation, 
critical hcvever, since this ray occur or. ea 


ograu, the I-50T must be maneuvered to 
l~.pr.cre facin' away from the .V-r*.t- 
tr. tine cf tvc minutes for 5 degrees is 
s net as critical because they vili be 
Ihe ora 11 aerie acquisition tire is 
oh orbit. 


Fine Pointing - Observational Program 

The basic requircror.t of the MOT attitude control system is to provide a stable 
platform that can be oriented precisely to any pyrolen cf the celestial sphere vitb 
the pointing and stability performance required by the e strcnomical observations. 
Fine pointing requirements for each cf the observational programs vill be discussed 
in the following paragraphs. These requirements vary widely, depending on the 
observation being made. They are summarised in Figure 5***-9» A definition of 
spacecraft and instrumentation axes are given in Figure 5 .^-10 as they apply to 
Figure 5 •^-9* A rotation about the spacecraft pitch axis corresponds to a wave- 
length change of the spectrometers. The yav axis is perpendicular tc the wavelength 
sensitive axis of the spectrometer, and the roll axis is coincident with the 
telescope optical axis. 


Two basic ground rules were defined for the scope cf the IDT observational program 
First, it should be extremely versatile sc that observational programs conceived 
at some later date map' reasonably be implemented, ar.d second, the primary' observa- 
tional programs should be limited to these that cannot be accomplished by ground 
based observatories, cr at least, can be dene far better in orbit. This dees not 
exclude the possibility, hcvevsr, that certain nee sure vents vill be made 'e.g., 
high dispersion spectrometry in the visual region) to compare NOT performance 
against ground measurements if these experiments do net impose major design 
constraints . 


Within these guidelines, an outline of observational programs has been formulated. 
Specifically, the six observational programs that have been defined vill constitute 
perhaps 90 percent of total observational time. These are: 

o High dispersion stellar spectrometry 

o Photometry and polariraetry cf stars and extended sources 
o Low dispersion spectrometry cf stars and extended sources 

o Stellar photography 

o Planetary photography 

© Planetary spectral and total radiance measurements 
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Figure 5.4-10 


MOT AXIS D3FIWITI0N 


That these requirements vary down to +0.01 arc second emphasizes the importance of 
the attitude control problem. In the - following paragraphs the source of these 
requirements are described. 

High Dispersion Stellar Spectrometry 

i 

High resolution measurement of stellar spectra is a fundamental requirement for !-50T 
because of the inherently high resolving power and large wavelength coverage of the 
120- inch diameter diffraction limited telescope. Observation will generally be 
limited to stars of tenth visual magnitude or brighter and would use the f/30 tele- 
scope configuration. The total f/30 field-of-vlev will be limited to a few minutes 
of arc by mirrors used to fold the beam. # The principal wavelength inter.- a 1 of 
interest is the vacuum ultraviolet (1000 A) to the intermediate infrared (few microns 

The very wide wavelength region of coverage will require a variety of spectrometers 
each capable of having detectors and gratings changed, Detectors will include film, 
photoelectric devices, and supercooled photoconductors and bolometers. 

The Airy disk of a diffraction limited l*0-ineh aperture has a size of about 0.01 arc 
second at 1000 A and one arc sec at 10 microns. Since the entrance slit of the 
spectrometer is used to define the angle of Incidence to the grating, it should be on 
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the order of the Airy disk in width at the wavelength being monitored. This imposes 
an absolute pointing accuracy on the order of 0.01 arc second worst case. Angular 
instability in excess of this figure will not degrade the data with this 6 nall 
entrance slit, but imposes longer observation time to compensate for tine lest in 
not "filling the hole." Since it is not practical to check for correct exposure 
continuously (at least with film), a knowledge of actual exposure time is needed. 
This Implies both an absolute pointing accuracy and stability of about 0.01 cr 0.02 
arc second worst case. A second consideration is that even if it were possible to 
monitor exposure continuously, it is desirable to always keep the entrance slit 
filled because of the very long exposure times required. 

Control of the spacecraft attitude with respect to irage motion along the length of 
the spectrometer slit (perpendicular to the wavelength axis) is less critical than 
along its width. Some motion of the inage (^-0.1 arc sec) along this axis is act- 
ually desirable when using film in order to elongate the spectra, but this also in- 
creases exposure time. Accurate roll position control is not particularly signifi- 
cant, and could be dictated by other observational programs. Rate control of this 
axis could al9o be employed. 

A summary of the fine pointing requirements for high dispersion stellar spectrometry 
Is as follows:* 


Absolute Mean Pointing Accuracy, Up to 10 Orbits 


Pitch +0.C1 arc second 
Yaw +0.1 arc second 
Roll None Required 

Pointing Stability 


Pitch Position 

70 


95 

Yaw Position 

70 


95 

Roll Position 

(or equivalent roll rate) 

95 


percent of time + 0.02 arc second 
percent of time + 0.03 arc second 
percent of time + 0.1 arc second 
percent of time + 0.15 arc second 
percent of time +180 arc second from 
initial. i)os it ion” 


The faintest star for which these requirements apply will depend on the practical 
energy limited resolution of the spectrometer, and the ratio of energy sharing be- 
tween the experiment and fine pointing sensor. These more detailed studies have r.ot 
yet been accomplished, hence no firm basis exists for establishing t.ho faintest star 
at this time. For working purposes it was assumed to be about the tenth magnitude, 
although this probably is conservative. For fainter stars, reduced pointing 
accuracy and stability can be permitted, because the spectrometer will be energy 
limited for reasonable exposure times, and wavelength resolution must suffer. 


v 


•These are worst case conditions, taken at the shortest wavelength. At longer wave- 
lengths, the Airy disk Is correspondingly larger, and greater instability can be 
permitted vithout degrading resolution 
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Tr.ir, : ~ s'mil'tr tc. the high dispersion spectrometry previously described, 

except, that :r ini', case the amount cf wnerry fr'm the fainter objects will not be 
sufficient tc r t measurement of spestra with high wavelength resolution. The 
spectra cf objects -to faint as the eighteenth tc twentieth magnitude would be 
r-f-isured. 7r.e w.m'er.rth resolution vi 12 vary with star magnitude, star temrara- 
t-’-e, and the wave length region being examined. The total wavelength region* of 
‘.iter set tvd 1 1 ct/er the vacuum ultraviolet tc far infrared. 

The total creervati-r. tine for a single star ray vary from a fraction of an orbit 
tc many orbits, thus re-.ccuisiticn is required. The f/15 telescope configuration 
would be used. Low resolution spectral ‘ measurements will constitute 15 to 20,- of 
total observation tire. 


It is clear t 
measurement s 
measurement u 
example, a pc 
for a ninth m 
pointing stab 
important in 
pointing a ecu. 
srectrcmet jr 
from consider 
result of tl.es 
accuracy and « 
performance c: 
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meter slit fc: 
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he pointing requirements for these lew dispersion spectra 
vary widely. The transition frc~ r.igh-to-low dispersion 
t abrupt even though we have classified it as such. If, for 
g stability of 0.01 arc sec is required for high resolution 
ude star, then at 11.5 magnitude (lew dispersion work), a 
• cf about 0.1 arc sec should be provided. This factor is very 
“mining the optimum light-sharing ratio. On very faint objects, 
and stability will be limited by the desire to minimize the 
r.ce slit size tc avoid noise background problems, rather than 
s of resolution degradation due tc image motion. The net 
r. si derations is that the requirements fer spacecraft pointing 
lity cannot realistically be established until the expected 
spectrometers is evaluated as a function of star magnitude and 
working figure, one should ccr.sider always filling the spectro- 
sizes of the fell owing: 


o Tenth magnitude 
o Twelfth ~a --r.it ude 
o Fourteenth magnitude 
o Sixteenth magnitude or fainter 


0.04 arc sec 
0.1 arc sec 

1 arc sec 

2 arc sec 


It is obvious that many of the experiment objects will be too faint to permit 
their use as a guide star. In this case, offset pointing of a brighter guide 
star will be required. A preferred roll axis attitude and roll axis control will 
thus be required for the fainter stars, e.g., the thirteenth magnitude or fainter. 
The general range of the control requirements is calculated to bo about 3/4 arc 
min based on image motion of less than 0.1 arc sec for the experiment star. This 
is several times less stringent than that required for the photographic observa- 
tions, hence r.ct critical, loll rate control would be equally suitable, rates 
ur to 0.03 degrees/!: cur would be satisfactory 


Fhot ortotry and 


- * 


i retry of Stars n rJ ilxt ended f our c ?s 


broadband photometry and polarimetrv will constitute approximately 5 percent of 
the observational time and will be performed at f/30. Primary emphasis now is on 
the t’V and visible region where photoelectric detectors can be used. The capability 
cf covering the near and immediate II may bo desirable. The total observational 
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time per star cr other object would be as long as 5 to 10 orbit3. Fine jointiry 
requirements are similar to those of low dispersion spectrcretry — it is only 
necessary to rosition and maintain the source image in the instrumentation field 
stop aperture. 

The field stop ~ize can be arbitrarily select • since its sole function is t«.- 
limit the instrumentation field-of-view to minimize background noise input. 

Ideally it should be sufficiently small to exclude companion stars and to make • 
background corrections unnecessary except for the extremely faint objects. On 
the other hand, if the aperture stop is made too small, a very difficult fine 
pointing requirement would exist for both absolute pointing direction and 
stability. A field stop size of perhaps 2x2 arc sec would seem to be a suitable 
compromise, leading to a pointing requirement of perhaps + 1/2 arc sec. The 
actual field stop will be remotely variable over a wide range cf values. An 
aperture smaller than a two-arc sec diameter is required for remotely calibrating 
the fine pointing sensors to remove fixed bias errors. A larger aperture will be 
required when viewing objects of extended size. 

On the brighter objects, it may b9 possible to reduce the aperture size to perhaps 
a one-arc diameter to take full advantage of the high pointing stability with 
the brighter sources. 

As in the case of low dispersion spectrometry, many of the stars to be observed 
will be sufficiently bright (e.g. , thirteenth to fourteenth magnitude) to permit 
direct guidance on the guide star. Others, however, may be as faint as the 
eighteenth to twentieth magnitude, and will definitely require offset guidance 
on a star ether than the experiment star. An auxiliary pointing requirement for 
this application is that the telescope be capable of being off-set a few seconds 
cf arc to an adjacent part of the sky to permit a check of the detector zero 
(jackground). This loo!d.ng-at-nothing may require one or acre orbits (depending 
on the magnitude of the experimental star) and hence constitutes a definite offset 
guidance requirement. 

h’oise background seen by the telescope emanates from several sources. These 
include the emissions of the upper atmosphere, the galactic and zodiacal light, 
ar.v the extremely faint star background. The last three of these sources^are 2 

reported to have an equivalent total radiance of between 2x10” to 5x10” watts/cm. 
-sterradian, with the bulk of this energy in the visible portion of the spectrum. 
Assuming a uniform background, this corresponds to an irradiance of approximately 
three times 10” watts/ cm per (arc sec; field of view. This is approximately 

equivalent to the power received from a +23 visual magnitude star. 

The spacecraft fine pointing requirements are derived from the desire to operate 
the experiment star on-axis to minimize its size due to telescope aberrations. v 

This implies the guide star will be off-axis, hence position control about the 
spacecraft roll axis will be required. The maximum angle off-axis that it will 
be necessary to work depends on the limiting guide star magnitude for which the 
required spacecraft stability can be maintained. The approximate half-angle field- 
of-view required for 100 percent sky coverage for a given limiting star magnitude 
determined by star population charts is: 
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a. Twelfth magnitude - o'* even arc rin 

b. Thirteenth magnitude - eight arc rin 

c. Fourteenth rmgni tude - six arc rin 


If the limiting magnitude doterrimi by the fine pointing sense r is the eleventh 
or twelfth marni tude , the large offset angle ray require the use of field correct- 
ing optics to obtain a suitable image size for guidance. The scientific instru- 
mentation does net require these optics, and should net entity ther. For the 
pclarimeter, in particular, it is undesirable to insert any optical element that 
may increase the instrumental polarization. 


Allowing a maximum pointing error cf C.l arc sec at eight arc ran off-axis due 
to an uncertainty in roll position permits a roll position uncertainty of about 
+ ~0 arc sec and a maximum rcll axis instability of about +J .-0 arc sec. The ccm- 
binatior. of +£0 arc seconds for position uncertainty and position instability can 
be apportioned ether than on a 5-/50 ratio if it is advantageous tc dc so. 

A reasonable limit on absolute pointing accuracy and pointing stability are each 
about + 0.25 arc sec in pitch and yav;, and approximately +30 arc sec in roll. 
These requirements hold for an indefinite number of orbits. 


Star Field Photography 

Twc basic photographic missions are envisioned — wide angle (between l/f and 1 degree 
’ total field) with the f/15 telescope, and narrow angle (perhaps 10 are rain total 
field) with the f/15 telescope, rcth configurations would require field correcting 
optics. Observation will be made for one orbit or longer — possibly <v ‘ ve or even 
more. The exposure time will be dependent or. photograph purpese, a - die limiting 
expcs’ire time v.dll depend cn si. 7 background noise or the failure in film tine- 
intensity reciprocity. 


Eased on the above description cf the stellar photographic r.cde, and the desire net 
to degrade the inherently high angular resolution possible with this diffraction 
limited telescope the pointing requirements become fairly obvious, ’fit h an Inge 
size on the order of 0.0’ to 0.05 3rc sec cn axis, image position should be held 
tc 0.01 arc sec maximum on the photographic plate on this region. This would held 
for all astrcnetric work (small field) and over the central portion of the astro- 
physical work (wide field). At the cuter edge of the wide angle Flate, where 
image quality is degraded by telescope aberrations to something cn the order of 
tenths-cf-secends, greater image motion can b - * tolerated. This affects roll control 
primarily, and indicates something near 0.05 arc sec image smear would be permissible 
at the edge of the field. Image smear would be proportionat ely less for stars near 
th** telescope axis, and would be less than 0,01 arc sec for all stars in narrow 
field work. This requirement leads tc a roll control stability of about six arc 
seconds, since 


_ angular smear _( 0.05 arc sec) 
®R fl.M of vie-.- " Xl/2 d^rVT 


6 arc sec 


The limiting magnitude of the star to be used for control should be as faint as 
possible in order not to seriously restrict the obsorvatiojial program. Star 
population density charts show that near the galactic pole (worst case), an average 
cf about two stars of the tenth magnitude or brighter will bo present in a one 
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degree square field. This indicates that it would be desirable tc have the 
capability of control with stars of at least the tenth magnitude, and then an 
eleventh to twelfth magnitude capability would be necessary to more effectively 
cover all regions of the sky with snail corrected fields of view. 

The requirement or. absolute pointing direction about any a, .is is not critical, 
since it merely determines the starting point for the film plate. The absolute 
pointing accuracy will be determined by the total range of the fine pointing 
sensor, and hence should be held to about 10 arc sec or less fcr the axes con- 
trolled by the fine sensor, and about two or three arc min for the roll axis. 

Once a particular pointing direction is selected, however, it must be held very 
stable during all exposure tine, and possibly repeated from orbit to orbit up 
to about 10 orbits depending on the film capabilities. 

Planetary Photcrrarhy 

Photographs of the planets at the f/30 focus will be made. Mercury will not be 
accessible because of its close angular proximity to the Sur*. Venus may be 
accessible for a few minutes rer orbit during certain times of the year whan Earth 
acts as a sun shield between sunset and Venus-set (or between Venus-rise and 
Ainrise). Total planetary photographic work will probably not exceed 5 percent 
of the total observation time of the telescope. 

Depending on the speed of the film being used, and whether filters are being 
employed, exposure times will vary from tenths of seconds or seconds or. the 
nearby planets to nearly a half-orbit for Pluto. Like starfield photography, 
the absolute direction of pointing is not critical, and generally can be 10 percent 
to 20 percent of film plate size — that is, about 6 to 12 arc sec for a one minute 
photographed field. To avoid image smear once the telescope pointing direction 
has been established ar.d the camera shutter has been opened, stability with respect 
to the planet being photographed should bo on the order of 0.01 arc sec, as with 
star field work. 

Unlike starfield photography, where objects remain 'fixed, in inertial space, all 
the planets are sufficiently near the Ea. th to havr significant relative angular 
motion with respect to the stars. This motion is made up of two parts, parallax 
due to the notion of the telescope in Earth orbit, and the angular change induced 
by the relative notions of the Earth and tho other planets in their solar orbits. 
Generally speaking, these quantities are comparable in magnitude and vary as a 
function of telescope position in Earth orbit and relative solar orbit position. 
Figure 5.4-11 shows the approximate magnitude of these two quantities when the 
Earth-planet distance is minimum. As is apparent from the Figure, a telescope 
attitude fixed with respect to the stars would limit exposure times by image 
motion to a few seconds of time for most planets, and even less for both Venus 
and Mars. Since ideal exposure time will generally exceed these figures, attitude 
control must always be referenced with respoct to a point on the planet itself. 

The planets are extended sources, hence, roll axis control is required. Since the 
size of the planets is fairly small, the roll axis pointing requirement is less 
severe than for the star field photographic work. A roll stability of +15 >\rc sec 
will, provide insignificant image motion due to roll motion of the telescope. 
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Notes: 1. All quantities are approximate for earth/planet distance at a minimum* 

2. Relative exposure time based on providing equal energy per unit area at the film plate. 
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The concept, cf this experiment is similar to that being considered by HASA/Anes 
fcr a future CAi mission. rasieally, the emission and reflection spectra of the 
principal planets (Venus to latum; would be measured over as wide a wavelength 
interval as possible (say 1 to IX u), with the smallest instantaneous field of 
view practical (e.g., 1 " 1 arc second) and with a wavelength resolution limited 
by input energy available. The telescope would operate at f/30, and a variety cf 


srectrc.net ers 


detectors 


d probably be necessary to cover the full sci- 


entific objectives. In addition to spectrcnetric measurements, total energy 
measurements -would also be rade. differences in these two types cf measurements 
would primarily affect the scientific instrumentation. From the standpoint of 
the control system and fine pointing sensors, there is no significant difference 
and these will be considered z.3 a single mission. An observation time of about 
10 percent cf the total is allocated to these measurements. 

The requirements r cr absolute pointing accuracy, stability of pointing, and dura- 
tion that the pointing must be maintained are not fully determined at this time. 

They will depend cn the specific nature of the various instrumentation, the wave- 
length interval being examined, and the purpose of the measurement. For example, 
if it is desired to point to a given area of planet surface for a significant 
amount cf time (on the order of seconds cr minutes), it will be necessary to 
charge the pointing direction of the telescope continuously (with respect to planet 
center) to compensate for planet rotation. Hear the equator of Mars, for example, 
this rats of charge cf position is about 0.1 arc sec per four minutes of time. 
Jupiter's rate is nearly three times higher, and is a maximum for any of the planets. 

3ven if it were possible to very precisely point and hold the direction of the 
telescope to a value in the neighborhood cf 0.01 arc sec, it is not entirely clear 
that this would be more beneficial than a larger value of perhaps 0.05 arc sec. 

This follows because one must knew where the telescope is pointing with the same 
precision as the stability of the point; otherwise it is hard to envision the 
usefulness of the very high stability. A second criteria useful in establishing 
pointing stability is spectrometer slit size. With a minimum slit sine of about 
1x1 arc sec determined by -merry considerations find the large diffraction limit 
in the H; region, a pointing stability of 0.01 arc sec would change the area of 
the planet being viewed by only 0.01 percent, an insignificant amount compared 
with the overall precision of the spectrometer measurement . A pointing stability 
as poor as 0.05 arc sec would still lead to an area change of only 0.2 5 percent, 
hence even a larger instability could probably be tolerated without any significant 
degradation of experimental data. 


The worst case requirements are as fellows: 

Foint to any desired location on the surface of ths 
principal planets (Venus to Saturn) 

Stability of point on a given area for 45 minutes 
of time 

Repeatability of point cn successive orbits 


40.05 arc sec 


jp.05 arc sec 


unspecified 
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noil axis orientation 


+4 arc min 


roll stability 


5.4.3 Description cf the Attitude 3:r.trcl .>3t :m 
Operational Doscrirtior. 

The block diagram cf the centre! sys ten prep: sei for 

TV ~ r r - •*#?<!■ r-r.^ i*' /-Jn r A *■“ m. * js »- r. ** * "» * ' ' t ~ 

*0 4.0 _> w -**•* ^ -» ^ -I .« w V - . - VCi *- — w — -4-4. *4^ - y *4 - w ■ -■ — - 

stationkoeping, decking (MOT to MCMk), initial et a: i 
target acquisition and fine pointing. Tr.e first thr 
in detail since they are considered to he within the 
They ray be accomplished with the gyre reference $ 
Intere.*>ting sidelights are that the orbit and static 
without requiring major MOT reorientations: the 2c j 
this by selectively firing jets tc realize the desir 
In addition, the decking is accomplished with the r 
high thrust levels tc accomodate the required ccr.tr 
A 10 to 1 throttleable reaction jet subsystem satisf 
requirements while providing reasonably small thrust 
The latter three items are discussed in considerable 
paragraphs. 

Description of Initial Stabilization 


position 

or 

rate 


*15 arc sec 

^C.C04 arc sec 
sec 


Mil was shown ir. Figure 5 ■ 
- 1 rendezvous, orbit and 
iirabicn, reorientation, and 
e items will not be discussed 
present state cf the art. 
tern and the reaction Jets, 
nkeepir.g should be done 
et concept can accomplish 
s d velocity correction vector, 
action jet subsystem set cf 
1 authorities (see Section 5.;. 
ir 5 both the decking high thru: 
for desaturaticn of the OCs. 
detail in the following 


The initial stabilization v/ill be with the te'asecpe or 
facing directly away from the Sun. After seperaticr., 
Sun makes it the easiest reference to detect ar.d ider.i 
solar sensor distributed around the vehicle allows ac: 
attitude. 


'rical axis (roll axis) 
he intense energy from t 
icy. An arrangement of a 
visit ion from any initial 


The requirements for an efficient acquisition ar.d the removal of residual angular 
separation rates are not compatible with the stabilization momentum requirements 
for the fine pointing mode. Thus a "high thrust ,f reaction control jet (RCJ) sub- 
system is used. During this phase cf operation che signal flow in pitch and yaw 
channels is from the rate gyros and coarse solar ser.scrs to analog electronics, tc 
the appropriate high thrust RCJs. Signal flow is the same in the roll channel 
except that no solar sensors are used. Using the coarse sun sensor, the spacecraft 
roll axis aligned to within less than ten degrees of the Sun, with residual rates 
leas than 0.1 degrees per second, at which tiro control is switched to a fine sun 
sensor* The roll channel continues to use only the roll rate gyro. Completion of 
this operation with the .MDT roll axis to within one degree of the sun line within 
less than twenty minutes is reasonable. Fitch and yaw control authority is then 
switched to the CJCs to align to the Sun LOS within +0.C5 degrees. Automatic star 
acquisition may be accomplished by a roll search procedure. A biased roll rate 
eonmand is introduced into the roll channel to establish a roll search rate. The 
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rate of rota. tlca shall he compatible with the spacecraft's dynamics and the ability 
of the star traders to acquire and track guide stars. The gimbal angles of each 
tracker shall he pre- positioned such that at some roll attitude about the sun line, 
each tracker viii have a preselected * Ide star in its field of view. The gimbals 
re rain locked until a minimum of tvo coarse pointing star trackers simultaneously 
acquire glide stars. When this star pattern acquisition occurs, the gimbals of the 
trackers viich have acquired stars are unlocked and the star trackers allowed to 
track. When the star acquisition has been obtained the biased roll rate command is 
removed, causing the vehicle to stop rolling. The reference is then switched from 
the gyres end fine sun sensors to the star trackers. 

Description of Target Acquisition and Fine Pointing. 

Since the telescope must have the capability of pointing anywhere on the celestial 
•ptere within very high accuracies, three types of star trackers cure necessary. 

Through the use of externally mounted gimballed star trackers, initial coarse 
orientation to accuracies of 3 arc min is known to be feasible. This coarse accuracy 
is determined mainly by the thermally Induced structural deformations of the MOT, 
and secondarily, the star tracker characteristics. 

Accomplishment of coarse pointing requires reference signals furnished by two 
or more star trackers. The reference for determining Inertial attitude will be a 
set of selected guide stars. The required star tracker gimbal angles for these guide 
stars is p recomputed for any orientation desired. 

The individual trackers are pre- positioned to this orientation and the trackers are 
switched to the "track mode", the trackers then track their celestial references . 

Thus the difference between the commanded and actual ginbal angles ca r . be transformed 
to derive pitch, yaw, and roll attitude error signals. A central digital, computer 
performs this transformation and any averaging necessary. These signals are sent to 
the appropriate OE 1 s for each axis (switchover point for roll axis). D<; saturation 
of the control moment gyros Is provided by the low thrust RCJ subsystem. Thus a 
known spacecraft inertial orientation in the celestial coordinate reference system 
has been established In the coarse pointing mode. 

To transfer control to the intermediate pointing sensors, predetermined guide stars 
of sufficient magnitude are brought into their field of view by the coarse pointing 
mode. The pitch/yav/ intermediate sensor is boresighted to the telescope LOS and the 
roll intermediate sensor Is aligned normal to this LCS. If a gimballed tracker is 
used for the pitch/yav intermediate pointing sensor, a tvo axis predetermined augular 
offset is commanded. Upon receipt of star presence signals from the intermediate 
pointing snesers, and vehicle rates lover than £0 arc seconds per second attitude 
control reference is commanded from the star trackers to the intermediate sensors* 

If image tube intermediate sensors are used the procedure la similar except that the 
tvo axis outputs of the image tube are summed with "electronic .mbal” coranandr; to v 

obtain the attitude reference error signals. Once control is switched to the 
intermediate sensor the MOT pointing accuracy Is improved to a predicted spacecraft 
absolute pointing accuracy of 4 arc seconds. This is sufficient accuracy about the 
roll . -ds for all requirements. Hie pitch and yaw control la the intermediate point- 
ing mode is accomplished by processing intermediate pointing sensor error signals la 
the analog computer and sending them to the CMC controller. During occultatloa of 
the intermediate pointing sensor, control reference will be switched to the 3 axis 
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<5yro reference updated during the dark period from difference signals between gyro 
and intermediate sensor outputs . 

To acquire the fine pointing sensor, the sensor is offset about the pitch/yaw axis 
at the prescribed amount in order to acquire a preselected guide star (magnitude 
♦10 to 413 or brighter in the field oj /lev of the sensor. When a star presence 
signal, acceptable vehicle rate signals (10 arc eec/sec) and a positive signal from 
the astronomer are received, the pitch and yaw attitude control reference is switched 
to the fine pointing 6snsor. 

In this mode, the fine pointing sensor utilized for the particular experiment pro- 
vides the Inputs to fine pointing channel of the CMG and Je* controller. The 
controller provides control torques to the CMG gimbals. The CMG's magnify this 
torque many times and apply it to the telescope. Roll control is achieved in a 
similar manner using the roll intermediate pointing sensor. During occultation of 
the guide star, the control reference is switched to the 3 axi6 gyro reference, 
updated during the "dark period" to the fine pointing sensor and roll intermediate 
pointing sensor. 

Description of Reorientation 

Reorientation of the MOT through relatively large angles requires selection of a new 
guide star. This requires reverting to the coarst pointing mode to perform the 
required vehicle rotations to acquire the new guide star. A typical concept for 
vehicle orientation limited to several degrees is a closed loop method in which, 
prior to their being used as references, the star trackers acquire the new guide 
stars. TLe star trackers are then placed in the track mode and gimbal angle commands 
are introduced into the computer. The differenced commanded and actual gimbal angles 
are then transformed to derive pitch, yaw, and roll error signals. 

These error signals command the appropriate CMG's to maneuver the vehicle to the 
desired orientation . 

An alternate method for controlled reorientation for large reorientation angles up 
to 90 degrees, would make use of the three axis gyro reference during slewing. Using 
the CMG's the vehicle would be rotated in response to error signals developed by the 
difference betveea the commanded angle and the angle obtained from quantized torque 
pulses to the gyro. In this case, reorientation would be accomplished about the 
roll axis and one other to minimize disturbances to the vehicle. 

Prior to the maneuver, precomputed star tracker gimoal angles are connanded to enable 
the trackers to acquire their new guide star. The trackers are then put in the track 
mode during the maneuver, in order not to relinquish the celestial reference. If the 
angular slew exceeds the gimbal freedom of trackers other trackers and guide stars 
are used so that at least two trackers are always operating. 

Description of the Altitude Control Components 

Referring again to the block diagrsm of figure 5.4-3, the following control components 
are required. 
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For sensing the telescope's orientation, the system Includes the following equipment: 

Sun Sensors - used for initial orientation only 

Rate Integrating 

Gyros - used as prime angular reference in light side of 

the orbit. Used in rate mode for initial stabilization 
Star Trackers - used in coarse pointing mode, coverage of complete 

celestial sphere 

Intermediate Pointing 

Error Sensor - used as interface between coarse and fine pointing 

nodes - smaller range end high accuracy than star 
trackers 

Fine Error Sensor - used as pointing mode 
To actuate the control system commands, the following equipment is available: 

Control Moment 

Gyros (CMG's) - used as the prime actuator for pointing and 

maneuvering 

Reaction Control 

Jets (RCJ's) - used for initial stabilization, high control 

authority maneuvers (l.e., docking) and CMS 
da saturation 

The interface between sensors and actuators is handled by computers , signal processors, 
amplifiers, etc. Electronics are predominantly analog to circumvent signal converslcn 
problems. The telescope digital computer is used in the coarse mode because of the 
extensive computation required for commanding -and processing the star trackers and 
their data. This computer also handles the mode control for the system, switching 
between components to accomplish the function at hand. 

The two most critical items in the control loop are the CHG and the fine pointing 
sensor. Each uses approximately one third of the total allowable error. These two 
components will thus be discussed in considerable detail. 

Control Moment Gyros Description 

Figure 5.4-12 shows a block diagram of the twin-gyro control system. The main com- 
ponents of the system include the fine error sensor, two CMG's, a compensation net- 
work, desaturation electronics and power amplifiers for driving each gyro torque r. 

The control sytem consists of four functionally separate control loops. The main 
feedback loop consists of the vehicle position sensor, compensation network, power 
amplifiers and gyros. This loop generates the major attitude control torques on 
the vehicle. In parallel with the compensated position feedback loop, the inherent 
vehicle rate feedback through the gyros furnishes additional but minor vehicle 
feedback. 

The remaining three control loops shown are primarily concerned with controlling 
the position of the gyros. All three loops make use c' resolved gyro glmbal position 
to perform their function. The gyro tracking loop compares the position of each 
gyro end generates a signal for torqulng each gyro to an equal global angle. This 
loop compensates for differences in gyro damping, inertia and friction and serves 
to minimize control cross-coupling into another vehicle axis. 
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Like all momentum transfer controllers, the gyros require desaturation when they 
have absorbed a momentum magnitude close to their maximum capacity. The desatura- 
tion loop performs this function by actuating the RCJ's for a predetermined time 
period. This is done twice per orbit n order that no desaturations are required 
during an observation period. The amount of desaturation in determined by the 
digital computer. 

The remaining control loop, the caging loop, is used to electrically restrain the 
gyros to a zero gimbal angle. The caging switch serves to drive gyro 1 to zero 
global angle and the tracking loop requires gyro 2 to follow gyro 1. 

A selection of the magnitude of gyro momentum was made on the basis of the worst 
case gravity gradient and aerodynamic torque characteristic. Using this character- 
istic, the gyros would be required to absorb 353 ft- lb -sec of momentum over the 
worst 50-minute span. For 45 degrees of maximum gyro angle, each gyro absorbs 
250 ft- lb-sec of momentum. In order to include a safety factor, H ■ 300 ft- lb -sec. 
was assumed to be the gyro momentum required. For this size gyro, the momentum to 
global Inertia ratio is approximately 2000 to 1. Gimbal inertia I- 16 therefore 
0.15 ft- lb-sec 2 . e 

The basic vehicle rate loop la a second order system. Assuming gyro angles zero, 
gyro damping D equal to O.63 ft-lb/rad/sec sets the damping factor at 0.7 end 
frequency at 3 rad/aec. For this size gyro, a D of 2 ft-lb/rad/sec with eddy 
current damping is within practical limits. Therefore, ‘the damping required should 
present no design problems. 

For this system, maximum torquer capability Is required only during maneuvering. 

For the 5-degree- in- 2-minute maneuver rate specified, a torquer size of 42 ln-oz 
la required. To Include a safety factor, 50 in-oz was specified. The maneuver 
rate is generated with 9*4 degrees of gimbal angle, thus no Jet assist Is required. 

Because of the tight attitude accuracy specifications on the control system, the 
gyro units are constrained to have a friction level of 0.05 Inch ounces. This 
low friction level can be attained by using a brushless torque motor, unpreloaded 
global bearings and spiral leads to supply gimbal and resolver signals. 

With the worst case disturbance torques predicted. It Is anticipated that the gyro 
gimbal angles should not have to exceed plus or minus 45 degrees. Over this operat- 
ing range, a d'Arsonval type torquer has a low enough torque gain variation to be 
acceptable. If this is not practical, It Is feasible to consider (l) servolng the 
torque motor stator to follow the larger gimbal motions or (2) to use an electrically 
commutating brushless torquer with skewed poles to reduce reluctance torques. 

Figure 5 *4.-13 shows a typical friction plot for the size gimbal bearings required 
on a 300 ft- lb-sec gyro. Minimum bearing friction can be attained by using a pair 
of unpreloaded bearings with one bearing having Its Inner race nonrlgldly attached 
to the gimbal shaft. Tills would allow the global to expand or shrink freely with 
temperature changes and keep thrust loading to a negligible level. 

In a zero gravity environment, radial loading would only be caused by global rate, 
and la proportional to this rate. Thus radial loading causes a friction which 
essentially adds linear damping to the gyro. The linear damping due to friction Is 
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calculated to be 0.03 ft-lb/rad/sec of glmbal rate, This damping Is relatively 
small compared to the O.63 ft-lb/rad/sec eddy current damping which must be used 
In the gyro. 

Prom the equation In Figure 5»4-13> the bearing friction with no thrust loading 
is 0*0062 Inch ounces, and is mostly due to retainer drag* 

With. the tearing mount design discussed above, the bearings would, therefore, cause 
a running and static friction of: 

f r » 2 x 0.0062 * 0.0124 ln-oz 

f g - 2 x 0.C124 * 0.0248 in-oz 

Using spiral leads rather than slip rings would not add to the friction levels 
calculated above. Spiral leads have been used in applications where ±90 degrees 
of motion was required; therefore, ±45 degrees should be an entirely feasible range 
of operation. The gyro glzb&l assembly, however, may require fluid floatlon in 
order to protect the leads In the vibration environment encountered during launch. 

As discussed later, 17 leads are the maximum required between glmbal and outer 
structure. The worst case restoring torque ner lead is 2 x 10~ 4 ln-oz at a glmbal 

angle of 60 degrees, for a total of 34 x 10" * inch ounces. This restoring 

torque when divided by the 166.7 inch ounce/arc sec of feedback gain required 
in this position feedback loop causes a negligible position offset. 

Two types of flywheel spin motors have been investigated; both having a synchronous 
speed of 12,000 rpm. A 400 cycle, 3“ phase spin motor would require 24 watts of 
running power, for a total of 40 watts with a d.c. to a.e. conversion efficiency 
of 60 percent. A brushless type d.c. motor operating synchronously at 12,000 rpm 
would require 13 watts of running power, and would be driven by a time ratio con- 
troller having 4 watts loss, for & total of 17 watts input power. The 400 cycle 
motor would require a minimum of 3 leads, and the d.c. motor would require 11 leads. 
If power leads are made redundant, the a.c. motor would need 6 leads and the d.c. 
motor, 15 leads. 

The resolver on each gyro needed for reset, tracking and caging loops requires 
400 cycles, but et a small power level. Each resolver requires 2 input leads. 

Each single- axis power gyro unit is made up of the following subassemblies: 

o Glmbal 

300 ft-lb-sec flywheel 
synchronous flywheel motor 

glmbal supporting structure and bearings, and flywheel bearings 
o Brushless Torque Motor 

o Eddy Current Damper 

o Resolver 

o Spiral Leeds 
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Preliminary specification. 1 - on the pitch or yaw axis control morrent gyros are: 


Flywheel Momentum 

ft-lb-nec 

Per Gyro 
3OO 

Total 
' 600 

Weight 

lbs 


168 

Volume 

cu ft 


2-75 

Input Pcwer* 

watts 

17 

3 1 * 

Torque Kotor Saturation 

ln-cz 

50 


Glmbal Inertia 

ft lb-sec^ 

0.15 


Damping 

ft lb/rad/6cc 

.63 


Girrbal running friction 

in-oz (max) 

0.025 


Glmbal static friction 

in-oz (max) 

0.05 


Soft Stops 

degrees 

±60 


Hard Stop 

degrees 

±65 



♦Applies to d.c. Motors driven by tire ratio controllers with 76 percent efficiency. 
Fine Pointing Sensor Descriptions 

The item of the control system most sensitive to the observational program is the 
fine pointing sensor. Two main sensor types have evolved, an on- axis sensor, 
buried in the high dispersion spectrometer, and a general purpose off-axis sensor 
used for all other experiments. Sensor concepts and requirements are discussed in 
the following paragraphs for each of the observational experiments. 

Fine Pointing Senscr C oncepts For High Dispersl o n Stellar Spectrometry 

A fundamental choice exists on whether to control spacecraft attitude v'ith the star 
whose spectra is being measured, or whether to guide on a separate star (offset 
pointing).. An evaluation of the advantages and disadvantages of each possibility 
Indicate the penalties of offset oointing are too severe to permit this choice. 

The one clear cut advantage to offset pointing is that 100 percent of the energy of 
the experlrental star is available for the scientific instrumentation. The dis- 
advantages of offset pointing are: 

1. Absolute stellar separations are not known to 0.01 arc sec, hence man would be 
required to acquire the experiment star by controlling its position relative tc 
the spectrometer entrance slit. Preselected guide stars would then be used to 
hold that attitude. Both an internal sensor for the spectrometer and an exter- 
nal offset fine pointing censor would be required. 

2, A large corrected total flel.. of view would be required (about 20 arc min 
diameter) to provide sufficiently bright guide stars for 0.01 arc sec space- 
craft. stability. (Only one arc sin field of view is required by the 
observational experiments) 

3* A preferred roll attitude with difficult requirements (4 arc sec) would be 
required. This accuracy is difficult due to a lack of a large collection 
aper&ture for roll axis sensors. 

4. With respect to the experiment star, the system operates open- loop. Man or 
Instrumentation vould probably be required to continuously monitor the slit 
to determine that no changes in attitude have been Induced by relative motion 
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between the flr*e pointing sensor and spectrometer slit (loO microinche6 - 0.01 
arc sec at f/30). 

5* The overall objective is to minimize the total experiment observation tire 
Giving 100 percent of the light to the experiment does not accomplish this. 

This is due to the loss in pointing accuracy inevitable if the control system 
does tot receive some of the experiment starlight. The pointing error in turn, 
results in an apparent loss in light because of a higher percentage of the time 
spent not "filling the slit". A more detailed study is required to determine 
the optimum energy sharing ratio. 

Based on these considerations, the choice is fairly clear. The guide star and ex- 
periment 6tar should be identical unless there are very compelling reasons not to 
do so. There are two basic approaches to guidance possible, as exemplified by the 
"outside" sensor type of the OAC Princeton experiment, and the "inside" sensor of the 
OAD Goddard experiment. By outside and inside ve mean that the fine* pointing sensor 
is external or internal to the spectrometer. 

Consider first the Princeton approach. Here, the spectrometer entrance slit is 
sized at about one-half the size of the Airy disc In the visual spectrum. A com- 
parison is then cade of the energy on either face of the slit Jaws and error signals 
are generated if the energy distribution is unequal. The scheme has the very great 
advantage that is foolproof, i.e., if the star doesn't fill the spectrometer entrance 
slit, error signals are generated to correct attitude.. An overriding disadvantage 
for the HOT mission, however, is the fact that using this concept the spectrometer 
entrance slit cannot be significantly varied from one fixed opening. This is a pro- 
hibitive restriction based cn M>T requirements of vide star magnitude and wavelength 
coverage. Beyond about one micron, for example, the spectrometer slit width will be 
larger than the visible Airy disc, the portion used by the fine pointing sensor. 

The concept is feasible only for the condition that the spectra measurements be made 
at shorter wavelengths than these used by the fine pointing sensor. From a practical 
detector standpoint, this means only an ultraviolet spectrometer can employ this 
concept. 

* 

A second important factor that must be considered is that a fixed silt spectrometer 
(even in the UV) predetermine* the ratio of energy sharing between the spectrometer 
and the sensor. This will be the optimum ratio for only one star magnitude, since 
In general, the optimum ratio is e function of star magnitude. 

A second outside sensor concept (see Figure $.4-14) that does have merit employs a 
mirror to share energy between the spectrometer and sensor. 

The beam splitter can be a neutral density filter, or may be tailored to reflect UV 
or IR, for example, while transmitting visual for sensor operation. In this mode 
it could not only be used to optimize the amount of energy to both spectrometer and 
sensor, but also would serve to eliminate unwanted higher or lover ordered reflec- 
tions from the grating. If a variable neutral density filter were used It could 
have the capability of being rotated to change the reflectance/ transmittance ratio 
to a value that is optimum for the particular star being observed. For example, 
with a bright fourth or fifth magnitude star, a 90 /lQ experiment to sensor ratio 
may be desirable to minimize exposure tike, while for a tenth magnitude star, a 
50/50 ratio may be necessary to achieve the required pointing stability at the 
sacrifice of longer exposure time. 
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A final alignment of this system will have to be made In orbit. This can be 
accomplished remotely from the MjRL with a bright star by using successively 
smaller apertures on the spectrometer while offsetting the fine sensor electrically 
or mechanically, as decided by the Bensor type. An auxiU 1 ary sensor within the 
spectrometer would be monitored while aligning to determine that the image is 
centered in the slit. For a spectrograph, a detector could be used to monitor 
the zeroth order reflection. For a spectrometer using electrical sensors, their 
output could be used for this purpose. In either configuration the appropriate 
detector could be monitored continuously while taking experiment data as a positive 
means of knowing the spectrometer slit is always being filled, and as a Treasure of 
exposure time when film is used as the detector. 

It will be virtually impossible to rotate the mirror beam splitter (to change re- 
flectance ratios for example) without adversely affecting sensory&pectroneter align- 
ment. It will be necessary to do a fine realignment by remote means after every 
grating or spectrometer change. Thus it is a function for w'hich the astronomer must 
become adept. It should be a fairly simple task if the sensor can be quickly offset 
electrically or mechanically. 

Once a proper alignment is achieved, the system must be sufficiently mechanically 
and electrically stable to hold this alignment. This will be a difficult design 
Job since the image plane angular sensitivity is quite large - 18 mils per arc sec 
at f/30. High thermal stability will be required and the overall thermal design 
will be critical. 

During acquisition and when operation on the linear portion of the transfer function 
has been achieved, it may be des^ able to stop down the fine pointing sensor ±15 arc 
sec field to about one arc sec or less to reduce background noise end to eliminate 
any companion stars from the field of view. This could be a mechanized process 
using a logic signal generated by the fine pointing sensor to open or close the stop. 

A special problem exists when the desired experiment star la a binary or other mul- 
tiple star whose angular separations are less than a few seconds (depending on the 
use of a sensor field stop) and are comparable in magnitude. In this case, the fine 
pointing sensor will track the effective center of radiance and produce a null off- 
set. In this event, the experiment star will not necessarily fill the spectrometer 
entrance slit. If the two stars are one magnitude apart, the offset for the brighter 
star will be 1/2.5 of its diameter or about 0.015 arc sec. A separation of 4 magni- 
tudes la necessary to keep the null offset smaller than 0.001 arc sec. 

If the source is a nebula or other object of extended size (i.e., a tenth of an arc 
second or larger), special problems in tracking may exist if it Is necessary to scan 
the object. These objects are considered to be of secondary importance to stellar 
sources, and the fine pointing sensor should not be compromised to accommodate them. 
If necessary, a modified fine pointing sensor could be provided for these high re- 
solution spatial scans that has a precision 6mall- increment angular offset capability. 

The above described beamsplitter concept appears to be the most suitable method of 
fine pointing control when the sensor Is placed outside the spectrometer slit. Con- 
sider now the application of the eensor inside the spectrometer entrance slit, and 
the possibility of co&fclnlug an outside and Inside eensor. 
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A fine pointing sensor located vlthin the spectrometer housing, and viewing only 
that portion of the sky defined by the spectrometer silt is an obvicas candidate 
for the fine pointing sensor concept. An optical pick-off to share energy with 
the spectrometer could take the form of a flat on the spectrometer collimating 
mirror es done in the 0A0 Goddard experimental package, or may be an auxllliary 
beam splitter similar to that discussed above for the outside sensor. For those 
spectrometers with non- scanning gratings, the zeroth order reflection could be 
used for guidance. The chief limitation of the method is its narrow acquisition 
range, as defined by the spectrometer slit. If the slit is opened sufficiently 
wide (say ±15 arc sec) to ecconcodate the full transition range from intermediate 
to fine pointing, then essentially the situation previously described for the out- 
side fine pointing sensor prevails — the one difference being that the spectro- 
meter Itself is not stopped down to a few hundredths of an arc second during the 
acquisition phase. It can be stopped down after acquisition to some reasonably 
small value (say ±0.1 arc sec) i i order to eliminate background noise or companion 
stars. In thi6 condition, any 1 v-js disturbance would cause complete loss of the 
star Image, and the spacecraft control would revert to the intermediate pointing 
control loop. It would then be necessary to open up the spectrometer slit and 
reacquire the guide star, with a resulting loss in exposure time and possible 
degradation in data. 

A big disadvantage of this mode is that the spectrometer must be vide open during 
acquisition and settling time, with a ±15 arc sec entrance aperture. Multiple 6 tar 
within this solid angle and exposure during acquisition time might seriously degrad 
the experimental data, particularly with film if the detector cannot be shut off. 

The alternative to an inside-only sensor would be an outside/inside combination. 

The outside sensor could be identical to that previously described, and the spec- 
trometer could be shuttered during acquisition and settling time. When the shutter 
Is opened, the inside 6ensor would take command and center the Image vlthin the 
slit. The slit in this case could be held to about ± C.l arc sec as previously 
mentioned. In the event of a disturbance sufficiently large to lose control of 
the Inside sensor (fine/fine pointer), control would revert to the outside sensor 
(fine pointer) for subsequent quick return to the operating mode. 

The advantages and disadvantages of the inside/outslde concept as compared to out- 
side alone as follows: 

Advantages 

o The extremely high gain of the Inside sensor (linear range 0.05 to 0.1 
arc sec) will provide very favorable signal to noise ratios for control, 
or could provide the margin of S/N necessary for a fast Internal servo 
of an optical element for fine/fine pointing. 

o It is fall- safe in the sense that a positive indication of data taking 
would be available. 

o It la safer design concept In terms of the required thermal and elec- 
trical stability of the outside sensor alone. 
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Disadvantages 

o The in-orbit alignment procedure is more difficult. 

o Each spectrometer would require Its own sensor, thus increasing overall 
cost. The two sensor types may be different thus requiring separate 
development programs. 

o More sensors mean more parts to fail, hence reducing overall reliability. 

No choice will be made at this tine between the outside sensor alone vs. the outside/ 
inside combination. Both concepts should be pursued in greater depth to determine 
the advantages and disadvantages in terms of overall locp operation, and the com- 
plexity Introduced when operating with multiple spectrometers. 

All three of the basic sensor types considered (pyramid bean splitter, linage dissec- 
tor, and image tube) vould be applicable to the outside sensor concept. The image 
tube is particularly appealing, however, since it has a linear acquisition range of 
±15 arc seconds, and excellent detectivity. Based on a 25 percent, 25 percent, 50 per- 
cent energy sharing ratio between the outside sensor, inside sensor, and scientific 
instrumentation respectively, stars as faint as 12.5 magnitude will yield noise error 
voltages of about 0.01 arc sec. 

Depending on overall control loop characteristics, pointing stabilities of 0.1 arc 
sec or better should be realised, i.e., within approximately the linear range of the 
inside sensor. The image tube detector vould have another very significant advantage 
as an alignment aid, since the raw video can be processed to present the astronomer 
with a picture of the telescope field of view. 

The inside sensor would be either the pyramid beam splitter or the image dissector 
typ'S, with no clear cut advantage to either. The pyramid beam splitter, with its 
potential to operate with virtually the diffraction limited image size linear range 
(± 0.02 arc sec) may be sut^-ior in terms of noise voltage for a given magnitude star. 
Stars as faint as 11.6 to 3.2.4 magnitude may be used for a linear range o'* 0.1 arc 
sec and a noise voltage of 0.001 to 0.002 arc sec. 

In summary, it is apparent that fine pointing stability of 0.01 arc sec with stars 
as faint as the tenth magnitude is feasible, based on today's detector technology. 

With a 50/50 sensor/instrumentation energy- sharing ratio, stars fainter than the 
eleventh magnitude can be used with MOT based on anticipated detector improvements 
in the next decade. 


Fine Pointing Sensor Concepts for Low Dispersion Spectrometry 

Low dispersion spectrometry is essentially a continuation of the hlgi dispersion 
work to fainter sources. The brightest of these sources, e.g., eleventh and twelfth 
magnitude, will require pointing accuracy and stability only slightly less stringent 
than those for the high dispersion work. In these cases it is practical to use the 
experiment star as the guide star as in the high resolution work since the reduction 
in pointing stability associated with lower fine pointing sensor signal- to-noise 
ratio will be commensurate with the lower pointing stability that is required. The 
concepts involved and perhaps the actual implementation would thus be similar or 
identical to those previously discussed for the high dispersion mode. 
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As the object whose spectra is to be measured gets fainter (e.g., thirteenth, four- 
teenth, or fifteenth magnitude), several factors change. First, the lower inherent 
energy limited resolution neons that pointing stability can be relaxed without de- 
grading the experimental data. Secondly, different types of lover dispersion spectre 
meters may be employed that could not previously be used on the brighter stars be- 
cause of their relatively poor wavelength resolution. The variable interference 
filter, for example, may be rrore efficient thar the grating spectrometer, hence a 
better choice in the energy region where its lover resolution can be tolerated. 
Finally on the f inter stars, a point is reached where the energy collected is in- 
sufficient to permit vise with the fine pointing sensor, and it will be mandatory to 
rely on offset pointing on a star different (brighter) from the experiment star for 
control purposes. 

The maximum angle for offset pointing, i.e., the largest angular separation between 
guide star and experiment star should ideally be made sufficiently large to permit 
complete freedom in selecting the experiment star. Because extremely high space- 
craft stability is not required for the fainter experimental stars (e.g., 0.1 to 0.2 
arc sec), guide stars as faint as the thirteenth to fourteenth magnitude should be 
usable for guidance, depending on the type of sensor end its linear range. With 
this freedom, a maximum offset angle of about eight arc min half angle would be 
adequate, based on the star population density. A wider range of perhaps 10 arc 
min would provide a margin of safety and probably would still not be so far off axis 
as to require a field correcting lens for the sensor. 

A single fine pointing sensor, capable of being mechanically offset along one axis, 
Is adequate when coupled with spacecraft roll axis control. Electrical offset, 
though desirable, is Impractical both from the physical size and the precision of 
offset required (in excess of one part In 3000). The mechanically offset system 
should readily be capable of this precision. It may be desirable to add a transfer 
lens to increase the angular sensitivity in the sensor focal plane. This would in- 
crease the required sensor ti'anslation distance (plate scale), hence reducing the 
mechanical precision required for the offset. 

This configuration is shown in Figure 5-4-15. It is similar to the high dispersion 
outside sensor concept, the major difference being the need to mechanically trans- 
late the sensor to accommodate the required offset pointing. The neutral density 
beamsplitter needs to operate over only the central diameter, thus allowing mmripimn 
energy to the fine pointing sensor for off-axis stars. The beam splitter could be 
mirror at the 6 mall expense of vignetting small angular offset guide stars. 

To align this system in orbit, a bright star would be selected to permit real time 
use of the spectrometer detector at' a go/no-go indicator. The specti*ometer slit 
would be stopped down to some very small value (say 0.1 arc sec) and the fine point- 
ing sensor would be mechanically offset until the slit is filled. Once alignment 
la made, the spectrometer slit would be opened up to its normal size for operation. 

The fine pointing sensor noise voltage can be as large as about 0,01 to 0.02 arc sec 
leading to a spacecraft pointing stability of perhaps 0.1 to 0.2 arc sec. This is 
achievable with stars as faint as about the 12.5 magnitude based on a 50 percent 
beamsplitter and a linear sensor range of one arc sec. A smaller linear range (say 
0.2 to 0.4 arc sec) would be desirable in order to reach stars of the 13.5 to 
fourteenth magnitude if this is compatible with acquisition requirements. 
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TRANSLATION 


Figure 5«^-15 


SENIOR - LOW DISPERSION SPECTROMETER 
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Fine Pointing Sensor C on cept s fo r Photometr y £ P olar Imetry 

As in the lov dispersion cpectrometry mode, concepts for fine pointing r.enr.or:- 
logically break down into two distinct cotegorles, namely when the experiment -tar 
is sufficiently bright for guidance, and when a different off-set star must be used 
In the former case, with stars as faint as perhaps the thirteen or fourteenth 
magnitude, the guidance scheme could be identical to the high dispersion case, v'.vr 
a beamsplitter is used to share the energy . 

This concept has two distinct advantages. First, pointing accuracy and pointing 
stability will be high, and the field stop for the photometer/polari meter could In- 
significantly reduced in size (e.g., one arc sec diameter). Secondly, the senror 
functions essentially only as a null detector, and no angular offset? are nece rr^ry 

This concept also h»s two disadvantages --it takes roughly half the energy thr*. v' 
otherwise be available for the experiment, and it introduces an additional optical 
surface for the pclariroeter that is otherwise not necessary. The additional surfs c 
in front of the polar! me ter is probably the more serious of the tvo since the en erg; 
limitation is not critical for these brighter objects. 

This fixed position sensor for on -axis operation with the brighter stars would have 
the capability of operating to at least the fourteenth magnitude. With an image 
tube detector and transfer lens of 1.5X to 2. OX, a total field of view ofabout ±20 
arc sec would be obtained. With a fine pointing sensor angular resolution of one 
part in 2000, a noise error voltage of about 0.02 arc sec would result. This would 
permit a pointing stability of the required 0.2 arc sec. 

A further advantage of the image tube device is that raw video could be processed tc 
provide a TV display for the estronomer. This could be employed to permit monitor- 
ing of the experimental star image position. Such a presentation would be very 
valuable when using the off-axis fine pointing sensor since it would permit direct, 
verification that the very faint object was falling within the photometer field etc: 
By slowing down the frame rate of the image tube to perhaps one or even 0.1 frames 
per second, it should be possible to detect stars of eighteenth to twentieth magni- 
tude with an Image orthlccn, that is, most stars to be observed. The image tube in 
this case is used only for a visual presentation of these stars, not spacecraft 
control, because the very lov frame rates are inconsistent with control system 
requirements. This concept has the further advantage that by using the intelligence 
of man to determine whether the telescope is suitably pointed, a calibration of tl* 
absolute mechanical or electrical offset can be readily made. 

For those objects that are sufficiently faint to require offset pointing (or for 
the bright objects if the Increase in an instrumental polarization Is too serious 1. 
a different concept Is required. Here, a sensor must be capable of very accurate oc 
tlnuous off-set (±0.25 arc sec) over an angular range of 3 to 10 minutes, based on 
considerations developed in the previous description of low dispersion spectrometry. 
This is equivalent to about one part in 3000. The compensated focal plane scale is 
nine mils per arc sec, and the full 10 arc min half angle field corresponds to a 
linear dimension of 5* 1 * inches. This would appear to be an Ideal application for 
a mociac detector consisting of 3000 to UOOO elements, each roughly 0.2 mils (l 'k 
are sec^ wide. Unfortunately, suitable detectors of this type and sire are not 
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available at present. Image tub at. core closest to this requirement, but they leek 
th« required resolution (one pert in IOY)) except under the most favorable conditions. 
Even if a suitable finale tmye tube were available vith .he required rerolt.ui on, the 
absolute angular offset requirement would necessitate an extremely linear sweep of 
about +0.03 percent. 

The test approach to the problem appears to be identical to that of low dispersion 
spectrometry. A detector operating as a null device wouldhave to be mechanically 
offset, with a precision of ±2 mils in six inch total travel. The sensor in this 
case would require a total field-o? *view that is commensurate with intermediate 
sensor /spacecraft pointing capability, that is, about 3^ arc sec total field. This 
configuration is very similar to that described for low dispersion spectrometry. 


The total configuration for the photometer polarirneter instrumentation might appear 
as shown in Figure 5»^-16 based on one fixed image tube detector for on-axis work, 
and one moveable senior for off-axi® work. 



CAPABLE OF 6 INCH 
TRANSLATION WITH 
PRECISION OF 
♦ 2 MILS 

Figure 

SEiSOR - PHOTOMETRY/ POLARIMETRY 

Tn .?**«.» it | s not possible to employ any optical element between the tel •'•scope and 
the polar! meter, only off-axis guidance would be used. 
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FI no Pointing Sensor Cone.';/,;: -_Stnr Fieljl ]?hv>tnwr^j>hy 


S' nee the tv> modes ('."re jv field and ui.de field) are r '..r.evha t different, consider 
first the- narrow-field case. Arsunx- the total film pi a to fielc of view is ? x 2 er< 
mi a- This correspond;: to n film plate size of 2.2 x 2.2 inches for the f'30 camera 
It sould be extremely ur.lesi rable from the astronomical point view to employ a 
fine pointing sensor in the film plane that would /iotaoe photographic field. On 
the other hand, the further of fax] s the fine pointing sens.r Is moved, the greater 
the control problem Lee roes , since the image becomes larger and ".symmetrical due to 
telescope aberrations. The obviou" compromise in this case v;uld be to locate the 
fine pointing sensor as close to the film plate ns practical, without violating the 
prime field of view. It- will then be necessary to determine server performance 
based on « ray trace -of the optical system. As e working figure, assume an off-axi 
censor location of 2 arc t-dn. ; i.e., one arc min separation fr**: ire edge of the 
film plate to the sensor null position. This corresponds to a mechanical clearance 
of 1.1 inches. The overall configuration in this case would appear as shown in 
Figure 5-k-17* 


FIXED POSITION 

FINE POINTING SENSOR 

LOCATED * ARC MIN FROM 

TELESCOPE AXIS FIELD CORRECTING LENS 



MAIN f 50 TELESCOPE 

Figure 5 *^-17 


SENSOR - NARROW FIELD PHOTOGRAPHY 


In this configuration, the fine pointing sensor could be located at one fixed posi- 
tion, and the entire spacecraft would be rolled to the proper orientation to image 
the guide star at the fine pointing sensor. The sky could then be photographed in 
the following pattern (see Figure about the guide star. 
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SKY PHOTOGRAPHY PATTERS 


If the limiting mag nitud- of the star for proper sensor operation is +1^ s»s- 

nitude then from star population density curves, it is apparent that sore portions 
of the sky near the galo.otic pole would not be accessible for photographing. I: 
the limiting magnitude 'or guidance -ere between the eleventh and tve'.ftn nepnitude, 
the entire sky would be available except for th ' hole in the -cug . .r.e 1 .. 2 iiv,- 

ing star magnitude will be abou" *17 if a sensor linear range as srall ss ±1.1 arc 

sec can be used. It is desirable fro". the standpoint o. the *inc 7 ----- - —t ^e..oOr , 

telescope design, and observational data to reduce the radios of tr.e -".ole to tne 
mini mm consistent ’.rlth mechanical interference limitations with tr.e f'.l" plate hold- 
ing and changing mechanism. 

The great advantage of the previously described concept is that the total energy 
gathered bv the telescope is available f*'r both photographs anr. guiiar.ee; i.e.-^ 
neither has to share the available energy from a single star with the otr.er. The 

film plate can be shuttered independently of the sensor, nnd the sensor field can be 

independently stopped down after aeq’iisltlon to reduce background noise, -n« e.^ect 
on guidance of close neighbors to the guide star is not critical pro. idee, w.ae 
center of radiance doer not shiftas a function of time. 

The repeatability requirement of image position at the film plate fror. orbit to orbi. 
will requtre a highly stable mechanical and electrical sensor, film plate system. 

The configuration described above would appear to be optimum from this standpoint 
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with fixed mechnnicfll position:. c loner.**ch»>nical proximity. Auxiliary 
temperature control of the ze'.r' r'flirr. pla*e assembly rr.av be required. 


active 


From a control standpoint. If it becomes necessary to er:plo y a two-step sensor to 
handle both the acquisition problem (large linear sensor range desirable), and the 
stability problem (very small sensor V near range desirable), the above concept is 
fairly readily adaptable to modification. A fixed position beam splitter coulo se 
used in front of the sensor alone (not the film plate) and the energy fron or.e g:.de 
star could be shared by the two separate sensors. The second sensor would have a 
large linear acquisition range. In this cc.se one of the tvo sensors must have tr.e 
capability for small angular offsets (a few seconds) for initial renote alignment in 
orbit. 


Should the telescope off-3xis aberration problem be very severe, an alternate con- 
cept would be to use the fine ocinting sensor onaxis by using a beamsplitter er.d 
sharing the available energy with the film. Since this may double the time required 
to expose a given plate (depending on the energy sharing ratio), it would be a 
costly penalty, but one that could be accepted if absolutely necessary. 

Consider now the wide angle stellar photographic mode and also any variation in fine 
sensor pointing concepts previously discussed. Ass\rte the total corrected fielc-of- 
viev as 1 x 1 degree for the f/l5 telescope configuration. This leads to a film 
plate size of 3 1 * x 3k inches. 

Since thefilm plate will be sized to fully utilize that portion of the field that is 
fairly well corrected, any fine pointing sensor in the film plane must employ ap- 
proximately a 3^ arc sec cut-out in the film plate. Further, this cutout should not 
be near the edge of the field where imagequAllty is poorest, but should be within 
perhaps 10 arc min of the telescope axis. Thi3 technique is not desirable but is 
not completely objectionable if there are no suitable alternatives. 

The hole in the film plate would constitute a loss of less than 0.01 percent of the 
area of coverage. With this large a fie?„d of view, the entire shy could be covered 
with tenth magnitude or brighter guide stars. An eleventh magnitude capability 
would be more desirable, however, to permit more versatility in selecting that por- 
tion of the sky to be viewed on axis. 

If the telescope aberrations are sufficiently low to permit fine sensor operation 
out to perhaps 20 arc min, the cut-out in the film plate could be slotted to permit 
more versatility in selecting that portion of the sty to be viewed on axis. This 
also increases the ratio of hole size to film size. 


As an alternate to the cut-out Id the film plate, a beamsplitter could be used as 
described for the narrow field mode. 


The fine sensor in thiscase could be in an arbitrary fixed position near the xt*s of 
the telescope. Some versatility in the experimental program would be obtained by 
mechanically translating the sensor (one axis only), or by having two or more sensors 
In fixed positions. Roll axis control vould be required In all cases. 

As discussed before, the disadvantages of this method arettae Increased exposure time 
required, the large beamsplitter required, and the greater risk of instability 
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Inherent in failure t-> monitor iw.r*: pocit dire: 
pensatinr advantages are more experimental versa til 
better shuttering arrangement, and no loss cf field 


tly at the film plane. The c 
ity , operation nearly onaxir,, 
dje to film plate cutout. 


Fine Pointing Sensor Co ncepts - Planetary Photography 


Altnourh pointing requirements mist be established in terms of the planet being 
nhotographed , it is apparent that direct planet tracking is not feasible to hold 
tne pitch and yaw errors to a value even close to 1. 1-1 arc sec. With Jupiter, for 
example , this corresponds to an angular resolution of about l/UooO of its diameter, 
and probably closer to one part in 6000 of the ser.srr field of view. This is one 
to two orders of magnitude better than is feasicletodsy , and is not considered 
practical for the 19$0 time period. Secondly, the faintness of Piute, Neptune, and 
Uranus compared to the other planets would not yield the high signal-to-noir* ratios 
comens urate with extremely precise pointing. Finally, even if these basic engineer- 
ing problems were soluble, it is not obvious that there is anything on the planet to 
track that is stable to 0.01 arc sec for the nearby planets; that is, it is not ob- 
vious that surface brightness or edges remain sufficiently well defined under the 
influence of planet rotation that they are stable to the required angular resolution. 


These reasons indicate that the most fruitful approach to tie planet tracking prob- 
lem lies in the utilisation of the st»r field as a frame of reference, and employing 
rate (inage notion) compensation. In some cases, depending on the length of film 
exposure tine, it will be possible to expose the planets in an inertial refei ence 
frame without image motion corpensati' . In most esses, particularly for the distant 
planets and when using filters, it wi... oe necessary to modify the effective point- 
ing direction. in the inertial reference frame as a f ’one t ion of time. This can be 
introduced either at the film plate, or the entire spacecraft could be sieved. 

This fine pointing concept is the only suitable method for obtaining high quality 
photographs of faint moons of the planets, for exr.rple, or of asteroids and comets 
that are too feint for guiding on them directly. 

If stars are to be tracked for the planet photographic mode, a suitably bright star 
must be vithin the telescope field of view. This requires that the f/30 telescope 
have a field of view far larger than would otherwise be necessary. For the photo- 
graphs alone, a field of one minute in dimneterwould be adequate, whereas for the 
sensor a field of many minutes is required. The sice of the field in indicated (in 
the general case) by the number of sufficiently bright guide stars near the ecliptic. 
The angular size of the field to ensure a suitable guide star most of the time is 
indicated below as a function of the faintest star with which the fine pointing 
sensor is capable of operating: 


. 5*sri»ute half -cone angle - 12 magnitude 


. 10-minute half-cone angle - 10. 5 magnitude 
. 15-minute half-cone angle - 9*3 magnitude 

It is highly desirable from many aspects to limit the field to the smallest possible 
value. In any event, it isnpparent that field correcting optics for the sensor may 
be required, and that a total field of 5 to 10 arc min half -angle will be necessary, 
depending on sensor characteristics. 
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Thr field car. he significantly reduced (to ?ess than five minutes) only ah the ex- 
pense of operation's] flexibility by photographing a plane- 1 only when a so! table 
guide star happens to fall within thelimited telescope field of view. This is an 
undesirable alternative, since it means that the planets could be photographed only 
occasionally, and usually only one planet per. equipment setup. It would be extremel 
restrictive with respect to Venus, since an extremely small vindow is available due 
to sun angle limitations. 

The fine pointing sensor can be located in the film plane, or could be physically 
separated using a plane mirror if mechanical interference problems should exist. 

The plane mirror location is sketched in Figure 5*4-19* 



Figure 5.4-19 


LESSOR - PLAHETARY PHOTOGRAPHY 

The plate scale of the f/30 telescope is approximately one inch per minute.- or 17 
mils per arc sec. This means the total mechanical travel of the fine pointing sen- 
sor must be about 5 to 10 inches. Precision of the offset can be crude, perhaps a 
few seconds of arc. This is roughly 0.1 inch if the plate scale at the sensor is 
identical to the film plate. This provides the reference direction of the tele- 
scope for exposing the film. A programmed rate compensation (image notion compen- 
sation) can now be inserted mechanically or electrically in-o the tracker or into 
the film plate. The image motion compensation would ideally be cade continuously. 
The highest rate will be for Venus and Mars (o.04 arc sec/sec), and the largest 
total offset will be for Kars and Pluto, approximately 1.5 arc sec based on an ex- 
posure time not to exceed 0.02 arc sec due to planet axial rotation. 

The required fine pointing sensor for this observational program will be very simlla, 
to that required for the stellar photographic modes. The two twin differences are 
the need to provide a coarse single axis mechanical offset for initial acquisition, 
and a fine tvo axis offset for image motion compensation. As in the stellar photog- 
raphy fine pointing sensor, a limiting guide star of the eleventh to twelfth 
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magnitude vlll be achievable for a linear range of ±0.1 arc sec. With this capa- 
bility, a maximum offset angle of 10 minutes (10 inches) will be needed, and a 
field correcting lens probably can be avoided. 

If image motion compensation were inserted by n mechanical translation of the sensor, 
a precision offset of 15 to 30 microinche3 would be necessary (0.001 to 0.0C2 arc 
sec) for the f/30 telescope plate scale. This is in the range where an interfer- 
ometer would probably be necessary to measure the offset. Another means of achiev- 
ing the same end result would be to leave the sensor in a fixed position, and offset 
the stellar i.-uage by means of optical wedges. The required offset precision (0.002 
arc sec in 2 arc sec of one part in 1000) should be readily achievable. A third 
method of achieving the required precision of ffset is with an electrostatically 
deflected image dissector photomultiplier detector. A deflection voltage linearity 
of one in 1000 or even one in 2000 should be possible with this detector, whereas 
the magnetically deflected version is an order of magnitude poorer. It is not 
clear however, that it will bepossible to obtain the very small linear transfer 
function range vitb the image dissector, because of limitation on cathode aperture 
size. If this is true, the pyramid beamsplitter type detector with either sensor 
translation or image translation to provide the image compensation becomes the only 
choice. 

Fine Pointing Sensor Concepts for Planetary Spectral and T otal Radiance Measurements 

As was discussed for the case of planetary photography* the relative motion of the 
planets with respect to the fixed stars is relatively large -- many seconds of arc 
during the orbital period of the MOT spacecraft. The telescope must either track 
the planet directly, or use rate (image motion) compensation with star tracking. 
Planet tracking to the required spacecraft pointing stability is within the realm 
of possibility in this mode because only the principal planets are involved. Never- 
theless, because of the requirement that it must be known where the telescope is 
pointed, it is felt that this program cannot be carried out in the 1930 time period 
with direct planet tracking since more than an order magnitude improvement over 
planet trackers now under development wouldbe necessary (the NASA Ames tracker). 

The star tracking concept with rate compensation is required for the photographic 
mode in any case, and it should beused here where the stability requirements are 
somewhat less stringent. This concept has the further advantage that it is more 
general, and could be extended to measure the spectra of the more distant planets, 
the principal planetary moons, and perhaps the larger asteroids or comets. Rate 
compensation in the general case must include the axial rotation rate of the planet 
under observation, otherwise the planet surface would actually be scanned as it 
rotates. One final advantage of the star tracking mode compared to planet tracking 
is that a star is then available for focus control of the main telescope. 

These planetary spectral measurements are a casewhereby man can remotely make a 
significant contribution to the overall process. He can select the specific area 
of the planet to look at, can guide the spacecraft telescope to that location, and 
monitor performance on a realtime basis. 

Because of the wide wavelength region the*, must be covered by the spectrometers and 
bolometers, it is highly undesirable to employ any refractive elements in the op- 
tical train. The experiment itself does not need field correcting optics, since 
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its angular field is 1 e v ? than a minute. The fine pointing sensor vill not have to 
operate more than LO minuter. off-nxi s (ar. in planetar/ photography), and protally 
will not need correcting optics. A knowledge of telescope off-axis aberrations is 
necessary to make a proper Judgment ir. this rritter. 

The fine pointing configuration shewn in Figure 5.k~2Z is similar to the sensor sr- 
rengement discussed for the planetary photography mode. The basic differences are 
a high resolution TV camera is added to permit man to select end know which portion 
of the planet Is being viewed by the spectrometer, and the system must be capable of 
accommodating image motion compensation for any planet under observation for extende 
periods, at least one half-orbit. 

The TV camera Imager, the mirrored spect rone trie slit jews. The camera should have 
the mini rum field of view consistent with planet size, spacecraft initial pointing 
errors, end spectroir.eter-to-telescope alignment considerations. A value cf about 
60 x 60 ere sec would seem to he about the best compromise. A resolution of 2100 
to 3000 lines vould yield e planetresolution of 0.02 to 0.03 arc sec with the 60- 
arc sec field. This would be about the minimum that would be acceptable based on 
an 0.05 arc sec requirement for position determination. In order to achieve this 
high resolution on the planets it may benecessery to reduce the image tube frame 
rate to a much scalier value than is normally used - say something in the range of 
1 to 1C frames per second. This is feasible since the device is not used in the 
spacecraft control loop. While it isdesirable to have e very high sweep linearity 
of the image tube, it is not critical sincethe spectrometer slit is being imaged, 
hence planet pointing location is derived from resolution considerations alone. 

The fine pointing sensor, for reasons discussed In the planetary photography sec- 
tion, may require a total mechanical offset capability of 5 to 10 arc min (5 to 10 
inches) depending on the limiting star magnitude that is necessary to achieve the 
desired pointing stability. Since the stability requirement in this mode is less 
than that of photography' by a factor of about five, stars as faint as the thirteenth 
to fourteenth magnitucenay be used, thus reducing the total required mechanical 
offset. This i6 beneficial since it reduces the field correction requirements on 
telescope aberration and probably vill eliminate the need for a corrector lens. 

As discussed in the planetary photography mode, image motion compensation can be 
Introduced in a variety of waysat the fine pointing sensor. The two axis position 
offset required is about 90 arc sec per half orbit for the worst case (Mars). This 
is more than an order of magnitude larger than for photography. The precision of 
the offset should be comparable to sensor noise when* tracking the faintest guide 
stars: i.e., on the order of 0.005 to 0.01 arc sec. This corresponds to 0.1 to 
0.2 mils mechanically at the f/30 plate scale. The 1<> ratio of total offset to 
offset precision effectively miles out electrical means to accomplish the offset 
and implies a fine mechanical translation of the sensor (cr spectrometer) should 
be made. 

The basic system, as described above, vould begin to function vhen the telescope is 
oriented toward the desired planet to vithin about 5 to 10- arc sec through the 
coarse pointing ^Intermediate pointing moees. Proper roll orientation has been es- 
tablished. The planet is then veil within the field of view for the observer on 
the TV display. A suitable guide star has been selected and the fine pointing 
sensor is mechanically positioned wit-li a precision of about 20 mils (one arc sec) 
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TV DISPLAY SHOWS SPECTROMETER SLIT 



IN EXCESS OF 1 1/2 INCHES 
( 1 1/2 ABC MIN) 


figure 5.4-20 


• SENSOR- PLANETARY RADIANCE MEASUREMENTS 
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of the calculated offset. The guide star it now well within the field of view of 
the fine pointing sensor (* 15 arc sec, each axis total field), and spacecraft, 
attitude control ic switched to this sensor. The obr.ei’ver now locates the spectro- 
meter slit position on his TV display and determines where on the planet he wishes 
to point. He inserts an electrical or mechonicel offset to the fine pointing 
sensor (or other element of the system) until the spectrometer is viewing the de- 
sired location to within * 0.05 arc sec. He nowinitiates the prepared rate (image 
motion) compensation program, and opens the shutter of the spectrometer. A series 
of photos are made of the TV display to make a permanent record of spectrometer 
slit position for later correlation with spectrometer data. The rate compensation 
program may or may not include the rate contribution of planet axial rotation, de- 
pending whether spot scanning or spatial scanning is desired. On successive orbits, 
the process can be repeated on the same spot on the planet or on a different point. 

Physical Characteristics of the Attitude Control System 

An estimate of the physical characteristics of the system components is summarized 
in Figure 

This estimate Js based on pre ent day hardware with some improvement attributed to 
advanced techniques. A brief description of the component functions end constraints 
are given in the following paragraphs. 

For MOT, four trackers are mounted equally spaced normal to the longitudinal axis 
of the telescope, each along a control axis, and in the vicinity of the primary 
mirror to provide maximum rigidity and accuracy of alignment. Two trackers cover 
the 90 degree field of view about the MOT anti -optical centerline. Two more 
trackers cover the 90 degree conical field of view about the MOT optical centerline 
are again mounted in the vicinity of the primary mirror. The two tracker pairs are 
required due to field of view interference from the MOT structure and a desire to 
take advantage of the accuracy of alignment afforded by mounting them at the primary 
mirror. These eight trackers are in order to cover the complete celestial sphere v 
state-of-the-art star trackers. If trackers with larger than +U 5 degree field of v 
become available, the number may be reduced and indeed, full celestial coverage itse 
is not a necessity. 

For the soft ginibal mode ~ome sacrifice in the coverage of the celestial sphere will 
result from the loss of the trackers looking aft (conical field of view about the 
antioptic axis) due to the occultation caused by the MORL. 

The coarse sun sensors provide pitch and yaw attitude control signals for orienting 
the (antioptic) end of the MOT to the sun line. 

The fine sun sensor provides position information about the pitch and yaw axes dur- 
ing the final phases of stabilization. It has a 10 degree half cone field of view. 

A three-axis fully redundant gyro reference package provides rate and attitude in- 
formation. Rate information is required during initial stabilization to the sun 
and star references and for logic signals to the computer as necessary inputs for 
switching to intermediate and fine pointing. As an attitude reference the gyros 
will be required to serve as an inertial reference during periods of occultation 
of celestial references or large angle maneuvers. During the MOT time period it is 
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envisioned that long-life gar. -boa ring gyror. with a short term trlnrc-o 
down to D.COl degree per hour will be available. The gyro trim may b< 
the opt leal sensor during fine pointing experiments. 

Three cmg's are used each with two counter rotating rotor? in their " 
arrangement provides minimum crocs coupling, that is, the control tor; 
directed along a single axis independent -of gyro gioial angle. 

A variable thrust reaction control system is used for both attitude c 
minor orbit maneuvering. These functions are provided by a sixteen- b 
vided Into four four -engine clusters located fifteen feet fore and ef 
center of mass. Each of these engines is throttleable over a ten to • 
from ^ to kO pound thrust. By selecting proper eorbi rations of engir.* 
pure couples or pure forces are available. Initial stabilisation, la: 
tions and CMG desaturaticn will be performed at lev control authority 
rendezvous will beperformed at high authorities. 

The MOT computer will perform the following attitude control function: 

o Establish and control thesequence of events (mode switching) 

o Perform all computationsand data storage required by star tree: 
star nap storage and tracker pointing commands) 

o Perform computations necessary for gyros (i.e., integration vh« 
used in the rate mode). 


drift rate 
_• obtained from 


.Ti g imbed . Thi 
rues ere always 


cntrol and 
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??, either 
rge reorienta 
, docking and 


cars, (i.e.. 


n they are 


292 



D2-840U2-1 


Analyses 

In synthesizing a feasible attitude control system for one MOT requirements a 
necessary step Is to define the external and Internal disturbances to the control 
system and the control system hardware characteristics. This section discusses tfc< 
analyses of these parameters as veil as the syntheses of the fine pointing control 
loop. Since analytical studies cannot Include the system nonlinear! ties and vehlc 
flexibility that realistically determine system performance, an analog computer 
study was performed. That study la reported In Section 

The orbit and vehicle parameters used for all these studies are given in Figure 
5 .4-22. The px’oducts of inertia were assumed to be the order of 100 slug ft. aaxi 
mum, but the later final configuration exceeded thi6 somewhat due to solar panel 
location. 

External Disturbance Torques 

For the separated configuration in a 250-nautical-aile circular orbit, the major 
disturbance torques are due to gravity gradient and aerodynamic drag. Since both 
of these disturbances are a function of the vehicle inertial attitude, the maximum 
disturbance torque and momentum storage requirements for one half orbit were based 
on the worst case telescope orientation. 

The maximum gravity gradient torque about an Individual .chicle axis occurs when 
the gravity vector is ^5* from the vehicle principle axes and is given by: 

Lx max » | (iyy - Izz) 

where G is the gravitational constant 
M is the mass of the earth 
Ro is the orbit radius 

which for the values of the parameters given in theconfiguration selected yields 
maximum gravity gradient torques of: 

Lx max * 0.0013 ft -lb 
Iy max « 0.212 ft-lb 

Lz max « 0.210 ft-lb 

The aerodynamic disturbance torque about each vehicle control axis Is the product 
of atmospheric drag and the offset of the vehicle CP from its CM. This can he 
expressed as: 

T aero max ■ 1.1 P'R 0 A r 

where P* is the atmosphere specific weight at orbit altitude 

Rq is the circular orbit radius 

A Is the projected area of the vehicle along the velocity vector 

with solar panels symmetrical about CM, If used 

R is the CP-CM offset 
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Orbit Parameters 


Circular Orb'*. 

Orbit Inclination 
MOT Vehicle Parameters 


Projected Areas 
XY and XZ 
XZ 

Vehicle Mass 

Moments of Inertia 
X axis 
Y axis 
Z axis 

Flexible Vehicle Model Data 


2>C Nautical Miles 
23.7 Degrees 


570 .ft! 
125 ft 

775 Slugs 


22,001 Slug- ft^ 
132,700 Slug- ftp 
135, *’00 Slug- ft 


n 

E 

1*1 


+ ♦ 1 


w 


ev i_ 

T P 

D IvS 

rad/sec 
C^. rad/ln-lb 
£ damping 


1st 

53-76 

6.77 X 10" 10 

.02 


2nd 

97 - 3 ^ 

1.05 x 10“ 10 

.02 


i£d 

133.76 

2.62 x 10“ 10 

.02 


Pine Pointing Sensor Error due to 0.22 ft lb - - - - .00015 sec 

Gravity gradient torque on MOT 

Figure 5.4-22 


ORBIT AND VEHICLE PARAMETERS 


for a 250-nautl cal -mile altitude Is: 

T _c 

aero max * 0.4 x 10 7 A r ft-lb 

With the vehicle oriented vith the telescope axis normal to the velocity vector to 
produce the maximum aerodynamic torque: 

Tx aero max * 0.001 ft-lb 

ly aero max <* 0.021 ft-lb 
Tz aero max »« 0,021 ft-lb 

Since the maximum gravity gradient torque about the Yv and 2v axes is an order of 
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magnitude larger than the rAxlr.-nn aerodynamic torque, the orientation to prod .ce 
the maximum gravity gradient torque will very nearly produce the maximum total 
disturbance torque. 

Tdx = 0.0013 + 0.001 = 0.0023 ft -lb 

Tdy = 0.212 +0.5 (0.021) 0.222 ft-lb 

Tdz = 0.210 + 0.5 x (0.021) = 0.220 ft-lb 

The maximum gravity gradient torque impulse about a given axis for a 3^00 second 
fine pointing period occurs for an inertial vehicle orientation vhich maintain; 
one control axis in the orbit plane and the two orthogonal control axes 45 degrees 
to the orbit plane. This produces a torque of one polarity about the axis in the 
orbit plane that attains a maximum value twice per orbit. For the !<X>? orbit and 
vehicle parameters, the maximum gravity gradient torque impulse for each axis is: 

Hx max » 2.07 ft-lb/ sec/half orbit (ify * Hz * 0) 

By max = 338 ft-lb 'sec 'half orbit (Hx * Hz - 0) 

Hz max « 335 ft-lb/sec /half orbit (Hx « Hy ■ 0) 

The disturbance torque impulse about each vehicle control axis due to aerodynamic 
drag during inertial orientation of the telescope is cyclic with a period equal to 
the orbit period. The maximum momentum storage requirement during fine pointing 
is equal to the worse case combination of aerodynamic and gravity gradient torqe 
impulse. This worse case occurs for the vehicle inertial orientation that produces 
the phase relationship between aerodynamic and gravity gradient torques as a function 
of time as shewn below. 



For the vehicle X axis, this worst case condition occurs for a vehicle orientation 
in which the X axis is maintained in the orbit plane and the Y and Z axes are at • 
45 degree angle to the orbit plane. The maximum X axis aerodynamic torque impulse 
for the y>00 second interval indicated is: 

Rx ■ I .78 ft-lb/sec 

and the maximum disturbance torque impulse from gravity gradient and aerodynamic 
drag is: 

Hex max ■ 2.07 ♦ 1.78 • 3«®5 ft-lb/sec 
Similarly, the total disturbance about the y and z axes is: 
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ity aero 
Hr. ner' 
Hdy max 
HCz r vix 


1^.7 f 'Vo 
1 •; . 7 ft-lb 'reo 

336 + 15 = 353 ft -lb 'sec 

335 + 15 = 35S f*. -it /sec 


Error Ana lysis 


The M(7T attitude pointing reylrer 
which the experiment star ie "trir). 
cent star is the guide star, end t 
cause the experiment star or star 
a guide star, or in the case of a 
the required pointing accuracy. T 
determines the control design phi I 
stellar photography* end phot ore try 
pointing. The absolute pointing a 
ire try experiment ere very tirht, 
seconds in roll. 


r.t.^ fall into two general categories; one in 
t enough to allow on-axis pointing so the experi- 
ie other where off-axis pointing is required be- 
field is not sufficiently bright to be used as 
r tenet where e point source is required to obtain 
he most cifficul* requirement, which essentially 
rscphy, arises from the combined requirements of 
er.i polar! netiy, each of which require off-axis 
cc"r*cy requirements in the photometry and polar- 
c C.2 arc seconds in pi' eh and yaw and ± 20 arc 


The initial error allocetionsto achieve the required performance arc discussed be 
low. For experiments that can be accomplished using on-axis guide star as a fine 
pointing reference, the estimated errors in imaging the experiment star at the null, 
position of the experiment instrumentation are: 


o Mechanical and electrical null offset of 

sensor null from experiment instrumentation null 

o Sensor ms noise equivalent error 

o Electronics null offset 

o Servo loop standoff error cue to 
disturbance torques 

o Torquer threshold error 


TOTAL ON-AXIS ISAQCUSACJi 


t 0.001 arc s c 
± 0.001 arc sec 
± 0.001 arc sec 


± 0.001 arc sec 
± 0.003 arc sec 
± 0.007 arc sec 


Considering this error on both the pitch and yaw axes end negligible cross coupling 
torque disturbance at the lev vehicle rates (less than 5 arc sec/see) in this mode, 
the angular error of the LOS from the star to experiment instrumentation package at 
null is estimated to be 0.01 arc seconds. The pointing stability would be slightly 
less, by an amount equivalent to the initial mechanical misalignment error between 
the fine pointiig sensor and the instrumentation package. 

For experiments requiring an off-axis guide star for a pitch and yaw reference, the 
derived pitch and yaw errors, not including telescope distortion errors due to 
thermal effects, are: 

Mechanical and electrical null offset of 

sensor null from experiment instrumentation null ± 0.001 arc sec 

Sensor ras noise equivalent error ± 0.001 arc sec 
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Electronics null offset 


i 0.001 ere sec 


Servo loop standoff error due to 
disturbance torques 

Torquer threshold error 

Error due to open loop offset of fine error 
sensor 

Sensor corss coupling error into pitch axis due to 
i* arc sec. roll error for 15 arc minute sensor 
offset angle 


i 0.001 arc sec 
± 0.003 arc sec 


± 0.050 arc sec 


± 0.002 arc sec 


Structure response to peak external disturbance 

torque ± 0.0002 arc sec 


Inaccuracy of knowledge of stars in celestial 

coordinate ref. system ± 0.1 arc sec 


Total off-axis inaccuracy 


± 0.159 arc sec 


Considering this error on both pitch and yaw axes and negligible cross coupling 
torque disturbances at the low vehicle rates in this mode, the angular error of the 
LOS from the star to the experiment instrumentation package vould be of the order 
of 0.2 arc seconds. However, pitch and yaw pointing repeatability vould be better 
since the Inaccuracy in knowledge of star position, initial alignment error of roll 
intermediate pointing sensor and the open loop offset positioning error of the fine 
error sensor may be negleuted. Assuming no telescope thermal distortion errors for 
the duration of the experiment, the pitch and yaw repeatability errors are estimate:, 
to be: 


Sensor electrical null offset error of sensor null 
from experiment Instrumentation null 

Sensor rms noise equivalent error 

Servo loop standoff error due to external torque 
disturbance 

Torquer threshold error 

Sensor cross coupling error into pitch axis due to 
2 arc sec roll error for 15 arc minute sensor offset 
angle (does not Include initial alignment error) 

Electronics null offset 

Total off-axis stabilization errors 


i 0.0005 arc sec 
± 0.001 arc 

i 0 001 arc sec 
± 0.003 arc sec 

± 0.001 arc sec 
± 0.001 arc sec 


± 0.0075 arc sec 

The angular repeatability error is thus less than the required * o.Ol arc zee. 
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Thr- MCT soft pi ml a] O' nf: rwrati on Ir a 
provider, poc'tive Ice At ion cf tie M' T 
nerturbntions. The dor: red design of 
t.remely lev frequency orti tel pertjrba 
soft gimbal. 


low pass mechanical filter coupling which 
relative tc> the NDRL to overcome of orbit 
the rimbal would be such that only the ex- 
five forces would be transmitted through the 


A spring con r- tent 9 lor." ary axis of 1.125 lb.^in. (individual spring constant of 
0.oA2g lb/in.) result! n.r ir. a natural frequency of 0.0064 cps was investigated. 
This design value while small is still much stiffer than the minimum requireo to 
transmit orbital perturbative forces. As a result, induced forces produced by 
crew or equipment motions are partially transmitted from MORL through the soft 
gimbal to the MOT. Rough estimates of the effects of disturbances on MOT due to 
MORI, indicate that the present controller only slightly exceeds the pointing error 
restrictions. The most troublesome disturbances being' crew motion, MORL attitude 
control oscillation; - and gir.bal bearing static torque. 


It has been shown that the crew motion produces an equivalent torque on MX' of; 

L crew = O.OOI89 t ft- lb 


acting for 2.2 sec. The girts! bearing static friction produces an equivalent 
torque on MOT of: 

L friction = 0.021*1, (t-tj.) ft lb 

where i s the tire at breakaway end u , is a unit step function. MORL attitude 
controloscillations produce an equivalent torque on IDT of; 

L morl = 0.0484 sin o> ft -lb 

where u; is 2 v radians ^sec. The primary self induced torque on J-DT is estimates- 
as; 

Lo *= 0.11 (l - cos ^ 0 t ) ft-lb 

where <*? 0 is 0.0X24 radians 'sec. (C.0'2??* op-h The soft gimbal natural frequency 
vrs given ns 0.0084 cps which is much great e. r.an the frequency of orbital per- 

turbative forces. 


The nature of the disturbances .ire: sinusoidal due to self-induced torques at a 
frequency of 0.002? 4 radians ^ec. ; sinusoidal due to MORL motion at a frequency up 
to 6.23 radians / sec. ; a rnr.p input due to crew motion; and a step due to gimbal 
bearing static friction. 

The crew motion disturbance can be reduced by lowering the natural frequency of the 
soft gimbal but girbal static friction disturbance occurring on the MOT side of the 
spring suspension can be r luced only by reducing the gimbal static friction itself. 


The errors for MORL oscillations, electrical cable and bearing coulomb friction 
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are estimated below. The maximum induced pointing error due to the hypothesized 
crew motion would be 0.00009 arc sec. The bearing static friction induced pointing 
error would be u maximum of O.G'OG-9 arc sec. The individual errors and the con- 
glomerate error are shown below. 


Source 


Magnitude (arc sec) 


MORL Attitude Control Oscillations 0.00200 
Electrical Cable Torque 0.00004 
Coulomb Bearing Torque 0.00004 
Crew Motion 0.00009 
Static Bearing Torque 0 .00090 
Conglomerate 0.00307 


The MORL control oscillations of 1 l/2 degree at 1 cps are considered to be extremly 
pessir.estic. Thus, the soft ginbal induced errors are felt to be quite small and 
well under control . 


It should be pointed out, however, that only the linear responses to deterministic 
input signals are treated. The conclusions should be qualified in that the magni- 
tudes of the deterministic inputs ar estimates and that these estimates bear 
directly upon the magnitude of the conglomerate error. In addition, roll control 
nay present additional problems. These potentially would require either a roll 
ginbal or much softer springs. 

The ten radian bandwidth controller defined for the detached MOT vehicle is thus 
proposed for the soft ginbal vehicle mode with those exceptions in control compen- 
sation that would become evident in a complete analysis of the MOT -MORL control 
system, including nonlinearities . 

Svstem Synthesis - Fine Pointing Sensor 

In accordance with the above error analysis, the systhesis of a fine pointing 
sensor is described in this section.. The background on the available performance 
of state-of-the-art detectors is first presented in order to illustrate the degree 
cf depth in estimating the synthesized sensor characteristics. 

The fine pointing sensors summarized here employ various principles of operation to 
transform star angular error into a useful electrical control signal. The basic 
scheme is always the same, however. If an image of a star is formed with a suitable 
optical system, the image will be displaced in the focal plane if the angle between 
the star and the axis of the optical system changes. The basic problem, therefore, 
is to sense this notion and convert its magnitude into suitable electrical signals. 
The supporting document, D2-84039-1* includes a detail discussion of following 
sensors : 


. GE fine pointing sensor for simulating 0A0 sensors 
. Stratoscope II fine pointing sensor 
. QAO bores lght star tracker 

. Goddard experimental package fine pointing sensors 
* G5/LMKD vidieon system 

. Princeton GAD experiment fine pointing sensor 

. NASA Ames planet tracker 
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tarvlvl ; Vr.c , v'-r'it'- with -i! f :r st-.trs, an-'i hay>* lifferent linear 
^an^G. 7~ rirr ; W'.-nt thir, a of :r*rU ir» dovelopod whereby any two trackers 

nay be eo" i bv rntioinr: suitable rara r 'eterr». Let 


(Af) 1 '^ I 

(2. 5)7^ J D? 


FI giro of Merit 


whore A f - censor electrical bandpass (cps) 

I linear range of transfer function in arc sec (half angl--; 

J noise error v ol cage in r:.c arc sec for a star of mognit i ie m 
D diameter of objective in inches. 


The quant. icy Y is not a vigorous concert in that it does not consider optical losses 
use of signal l^vel to control photo-.uitiplier gain, etc. In practice ? '.."ill even 
vary somewhat for a given sensor as a function of star magnitude ‘because of the use 
of gain control. Nevertheless, it is a useful quantity since it does permit approx- 
imate trader -to-tracker comparison and permits rapid approximate calculation of 
expects! tracker performance for a change in an;.' given parameter. P has teen cal- 
culate.! for various present lay tracker? which use photomultiplier detectors, an. 
has a value he tween about 0.5 and 1.5 for different trackers, based on published 
or estimt: - : data. A greater numerical value of P corresponds to better overall 
tracker 


ret. or:. an . 


The quantity ? defined in the preceding equation is actually related to the quantum 
efficiency of the detector, and hence to its detectivity. This becomes apparent 
when one casilers that ratio i/j in the equation is actually the 

signal -to -noise ratio, and the quantity (2.5) 7 ” in D^ is proportional to the total flux 
collected. Thus, the figure of merit equation can be compared to: 

G _ (detector quantum efficiency )( time rate of arrival of rhotons) ^ 

N * 2 A f 

which is valid for the case where the photomultiplier dark current is much less than 
the sirn.al current . 


The number ? is useful in evaluating v>T fine pointing sensor performance since it 
is based on actual present day tracker characteristics, rather than theoretical 
quantities. A value of P for the MOT sensor? could probably not exceed 5 or 5, 
based on expected performance of ly75 photocathodec. As an example of the calcula- 
tion:- that oar. be employed, let us determine the faintest star that can be tracked 
in a typical MOT application, assuming a collecting aperture of 23’* of 120-inch 
diameter. For a linear range of + 0.1 arc sec, a noise voltage of 0.001 arc sec, 
an electrical ban '.pass of 5 cps, and a figure of merit of 5 ve have: 


(2.S) 7 ' 


IA 

JF P - 


(?) 1 /‘- 


0.1 


10-3 x 5 X .23 X (120)< 


0.013 


Hence, m ■ 11 . 5 'wgnituiV 
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This result is significant since, considering the star fi^ld density, stars as 
faint as the 11.5 to 12th magnitude are required for use as guide stars in th* 
photographic moles to obtain full sky coverage. Since Af, J, and ? are essential ' ‘ 
fixed to the values specified, improved performance must cone through a better o;ti 
sal system efficiency (entirely possible in the photographic nodes), or by a r° : 


tion in the linear range of the transfer function. The second method nay no 
large improvement because of the aberrations in the optical syst *r off-axis ' 
the sensor may be located. Vith a small improvement ir. sensor linear range, 
requiring use of 50 percent of the total energy collect** i for guidance, the 
magnitude of the guide star becomes between 12 and 12.5, a fully acceptable 


Jk ^ 9 m 

( l : 
tion 



a United linear range with the attendant large saturate; range 
5 arc sec) means that no effective rate damping is possible durir 
phase with a single sensor. Throughout this region, no rate ir.J 
groz-c position information is available. This situation tends t 
icition very oscillatory and inefficient. 


recuire 
g th.e a 
orr.atio 
o make 




This condition can be overcome in a variety of ways. One method mould simply be c: 
have two sensors; a fine pointing sensor and a fine/fine sensor. The former would 
be used for acquisition and the latter for tracking. A 6econd method, employing 
only one sensor but two transducers, is exemplified by the Stratoscope II fine 
pointing sensor. Here, tracking is maintained by servoing the position of a trans- 
fer lens over a very narrow angular range (±0.1 arc sec), while a transducer for 
the lens position with respect to the telescope optical axis has a r-.nge of i 1 arc 
min for an adequate rate damping interval. For the MOT application the beam 
srlittcr itself could be servoed. 


The need for a very small linear region of the trr fee function and a long acquisi- 
tion range nay eliminate the possibility of using ge type detectors (e.g., the 
image orthicon). This application would require a resolution in excess of 1 part 
in 10,000 viiich is not practical to obtain. The image dissector multiplier photo- 
tube '(e.g. the ITT FH^3 ) has a reasonable maximum limit of perhaps 5 to 10 on the 
rf 'o of total acquisition range to linear range. This is inadequate for the 
expected MOT requirements. The detector, however, through electrical offsetting 
is capable of being used in a separate acquisition mode, where a search for the 
quiie star takes place. Once located, tracking could proceed normally. Because of 
limitations of photocathode hole size to image size, it nay not be possible to 
achieve a linear range as small as 0.1 arc sec with this type detector . The only 
detector type where linear range can be as small as image size, and where the 
linear range and total acquisition range are independent, is the pyramid beam 
splitter or some modification of it. 


Three principal types of star trackers will have application for the MOT fine point- 
ing sensors. The selection of the configuration for each of the scientific pro .™?. -5 
will depend on the pointing requirements and peculiarities of each experiment. The 
three types are: 

1) Pyramid beam splitter (e.g. Stratoscope II) 

2) Image dissector phototube (e.g. 0A0 boresight tracker) 

3) Image tube (e.g. image orthicon) 
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rism of the three t'T°s are us follows: 


o ah chor.p l : 

■My similar to the 
type detector. 


Detectivity — A l 1 •is* 1 
an . ; 2 arc* com;’ & r aria 


photoelectric operation. Tr 
Too'* 3 i £ superior, parti: 


'.-■rformance of types 1 
erly at low frame rates. 


Dynamic star magnitude ra age — Comparable in per for 
3 magnitudes is reasonable. Tyr* 3 Is a capable of 
tingle frame with automatic tea.*, control on a point 


ce - A range of 5 to 
to 10 magnitudes in a 
r-roint basis. 


Effect of image aberration— A symmetrical aberrati 
leads to no null shift. A non - sytvr.e t r i c al aberrati 
produces a null shift proportional to the shift in 
the iiuige. For type 1, the gain of the sensor deer 
image sine. In types 1 ani y, the minimum detectab 
as image size increases. 


r. in all three cases 
r. (the usual case) 
he light centroid of 
aces for increasing 
e star gets brighter 


Transfer function— All types are amenable to two -axis control. Type 1 has 
independent linear range/total range. Type 3 has identical linear range/ 
total range. For type 1 , the linear range can be as small as image size. 
The type 3 detector in itself is not suitable for use for missions requir- 
ing 0.01 arc sec spacecraft stability because of the identity of linear/ 
total range. This follows frer. the fact that type 3 is ft larger area 
(e.g., 1.5 x 1.5 inch) detector. To produce a linear range (total range) 
of one arc sec for example, would require the enormously large focal ratio 
of f/27O0. 


Acquisition mode — Type 2 is capable of an acquisition mode through an 
internal electrical servo. Type 1 is capable of an acquisition mode with 
an internal mechanical servo. Type 3 has the inherently large linear range 
required for an acquisition mode, but lacks the narrow range required for 
extreme tracking stability. 


Error gradient — Type 1 is approximately linear near null. A Fraunhofer 
diffraction pattern of a point source is symmetrical in one axis but varies 
as a first order Bessel function perpendicular to this axis. A cursory 
examination of this effect indicates that such an energy distribution is not 
linear but will pro luce an error function whose maximum slope occurs at 
null. Type 2 is a nonlinear device that must be calibrated when used 
other than ns a null device. The slope of the linear region is minim:', at 
null. Type 3 is linear over the total field of view in digital increments. 


Reliability — The detector of type 3 uses a hot cathode and is more complex 
than t'-pos 1 or Mean time to failure of 10,000 to 20,000 hours should 
be realized for the MOT time period of operation. 

Auxiliary— Type 3 sensor data can bo processed to provide a TV format 
pi cture for visual viewing in addition to being used as a fine pointing 
sensor for control loop operation. 
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Possible candidates for detectors for th^ V^T I'l no pol nlir..: r.e 
primarily by the wavelength region where typical target stars 
quantities of energy. 


r.r:rs 

ezlt 


ere deierrJ 
the largest 


As shown below, the ideal detector would have a significant response from the far 
ultraviolet (1500 to 2000 A) to the near infrared (10,000 A) to cover all spectre! 
clnss stars. Thermal detectors are vaveleng th independent since they respond tc 
total power, hence cover the full region above. No other single detector will 
cover the full region, but photoelectric detectors will cover a significant por- 
tion of this range. In D2-84039 - ! a detail diecussicn is given cf the capability 
of the following detectors: 


o Photomultiplier detectors 

o Photovolteic solid state detectors 

o Avalanche solid state detectors 

o Bolometers (thermal detectors) 

o Image orthicon and related imaging devices 

o Photoconductive detectors. 


•IALKALI A QUA*TZ 
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( r -? i t aval ar. cr.e d e *. r - : a r , ark *.r. r - r. ill' r. m.-.atmvolt-ii ? de'.ector all have reason- 
ably food perfor.-ar.ee for tr.e cor.d i tior.s sr.ee: fiei , 

'"he most drama* : e ir.r rover er.t ir. perfor.-ar.ee over the next ten years is expected 
in the image tore eabem'.ry, “r.e develop>~er.t and use of mor.oer.erget d c * electron 


scanning r.eams, to- 


r example, will lead to ar. improvement in detectivity 


a factor 


of 5 to 1C. 't her improvements pose trio include the reduction of background scatter 
from the light transmitted ry the multi alkali photocathode, the use of channel elec- 
tron multipliers, and toe develop-er.t o' i-.are ir.ter.sifier stages. 

Fron the standpoint of co-plexity, vei rht , and reliability, present day image 
or th icons leave much to re desired for the ‘ ’ 
is 'i*. f- '1 \ o r 9 l ^ in 4 . i o vc u y 


application. Image tube development 
am, however, and most of these drawbacks 
will be reduced in severity, “he imame tube ha.- a great advantage for the - !07 
application since it car. provide -a dual purpose detector. Ir. addition to providing 
control system error voltages, the raw video may be processed to provide the astro.o- 
oner with a view of the sky through the telescope. He thus will be able to visually 
monitor spacecraft pointing performance in essentially real time. 

If the *"'•? fine pointing sensors had to be developed now, photomultipliers would 
have to be relied on very heavily for the detecting element. Even so, credible 
performance could be assured, “..’it bin the next two to four years, however, the de- 
signer may have photovoltaic detectors, the avalanche solid state detector, and 
inane tube detectors of improved detectivity and reliability from which to draw, 
thus enhancing the performance to be expected today. 


Based on the observational programs 
teristics, two basic sensor types em 
These are: a null type sensor using 

narrow linear transfer function rang 
orthicon detector with a vide linear 
rile of spacecraft control ser.scr ar. 
in every observational program, and 
measurements , photcmetry/polari-.etry 
planetarp' radiance measurements. 


and the required fine pointing sensor charac- 
er.ee as .desirable for the '! 0 ? application, 
photomultiplier detectors capable of very 
e, and an image tube sensor using ar. image 
transfer function range, and serving the dual 
d "7 pickup. r 'he former type sensor shows up 
the latter in the high dispersion spectral 
measurements, and as a position readout for 


The specific sensor requirements vary with the observational program in terms of 


permissible noise 
nechanical of 


level, star magnitude d;T.amic range, amount of electrical or 
ffset required, etc. Nevertheless, the degree of similarity in the 
sensors is great, ar.d in many cases the same sensor type with rn.inir.un modification 
will be adaptable to several observational programs. 


"’he basic design of the required null type sensor using photomultiplier detectors 
is very similar to hardware in existence today, e.g,, the Etratoscope II fine 
pointing sensor, and the ~F simulated fine pointing sensor for OAO. Improved 
performance will come through use of detectors with improved quantum efficiency. 


* The range of energy for electrons emitted for a hot cathode is quite large, 
ffonoenergetic electrons are those with identical kinetic energy. 
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and by extension 
optica] systems. 


qu:de star energy to below 2 


"he required imaging tyre ser.sor using an image orthicor. ha 
for flight hardware, rut an engineering prototype of si-.ila 
using a via is on detector has been built. r- apid strides ir. 
image tubes and sensors employing then are expected in the 

For purposes of synthesising a basic fine pointing ser.sor c: 
dispersion stellar spectrometry r.ode is selected since it m- 
each type described a*ove. In this event the null tyre let; 
to the spectrometer nousir.g and would be used for maintain:: 
the telescope point with high precision. The image tube ser 
to the spectrometer ar.d would provide a large acquisition r; 
frane of reference through a 77 link tc ^assist the astrcr.cn* 
his instrumentation. 

System fvr.thesis - Tull Tyo e Photomultiplier Sensor 

Por this sensor inside the spectrometer housing we select tb 
type. The image dissector type is also applicable, but the 
has greater utility for the tctal program (considering all c 
has an independent linear /total range, '"he data presented b 
presentative fcr sensors to be built several years frcm now. 
tween l?u5 ar.d 1 T '5 performance is estimated to be between 1 

The noise equivalent power ir. a five cps electrical band wilt 
oultiplier is about ? x 10-*5 vatts for an Ao type star. 7h 
condition of a signal to noise ratio of 100 from a 11.5 magr. 
effective collecting aperture of 23^ of the energy from the 
This signal to noise ratio is equivalent to the ratio of Lin 
range to noise error voltage expressed ir. equivalent angular 
error voltage should be significantly less than the overall 
of 0.01 arc sec . Allowing a reasonable margin of ten, gives 
voltage of 0.011 arc sec for a sensor linear range of 0,1 ar 
fine pointing characteristics are shown in figure 5,1- 2b. 


:::.A With reflective 


; not yet leer, developed 
r characteristics and 
ievelopmer.t of both 
:ext several years. 

.'.figuration, the high 
y employ a sensor of 
ctcr would be internal 
g the stability of 
scr would be external 
s.r.e as well as a visual 
r ir. remotely aligning 


;e pyramid beamsplitter 
pyramid team splitter 
bservaticr.s ) since it 
elow are considered re- 
Tr.e difference be- 
ar, d 2 star magnitudes. 

y of the best photo- 
is leads to baseline 
itude star with an 
120 inch ?!0T telescope, 
ear transfer function 
range. The noise 
spacecraft stability 
a ms noise error 
c sec. The baseline 
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♦ 0.1 arc sec 
% 

+_ 15 arc sec 

3*5 volts per arc sec nominal, can be varied 
to suit control loop 

Error Gradient Linearity +5$ 0 to .05 arc sec 

♦ 20J& .05 arc sec to remainder of linear 
region (should be relaxed IT compatible with 
control loop) 


Linear Range 
Total Range 
Error Gradient 


Dynamic Response 
Noise Error Voltage 
Hull Instability (drift) 
Holse Frequency Spectrum 
Star Magnlt’jde 


5 cps 

0.001 arc sec 
0.001 arc sec 
White 

>11.5 magnitude 


Figure 5.4~2l» 

PHOTOMULTIPLIER FINE POINTING SENSOR 

307 



”he error gradient 
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"he figure of reri' 
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This is vithi’’ the 
operational system 

Che above equation 
tions other than tr 
in Figure 


Sensor linear ranee 
electrical bandpass 
parameter*. 





linearity, and the r'*qu: 
ml loop requirener.tr:. 


»^>/J 


dyr.ani c 


responses are all 


y . for a sensor vith these cnarncteristics is: 

a ,V2 

_ M l 2,2(0. 1) 

’ 2.5^ m J D 2 (2. 5) -4. 5 ( 10~*)(. 23)( 120)2 

= 4.4 


ran ire of values previously determined to be satisfactory for an 
in the XT'? tine period. 



manipulated to predict sensor performance for cor.di- 
case, for the figure of merit of IJ;. ’his is shovr. 



light sharing 
light sharing 


Limiting Guide. Star Magnitude 
Figure 5«**-25 

- PREDICTED PERFORMANCE- 
PHOTtMULTI FLEER FINE POINTING SENSOR 

is plotted as a function of limiting guide star magnitude vith 
, permissible sensor no •„ and telesccme energy utilisation as 
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Tysten Synthes i s - "rare '’'ubo Tensor 

For the sensor outside the spectrometer housing :ln the high dispersion stellar 
spectrometry mode, was selected the image tube type with the image oriniccr ns v 
detector. As mentioned previously, it has the dual capability o'* providirm cent: 
system error voltages for the acquisition phase, ar.d a video readout for visual ' 
3ervation ; "he total field of view required is ♦ 15 arc sec in pitch ar.i yaw. 
transfer ler.s with a magnification of about three is required to reduce the effe: 
tive speed of the telescope to f /TO, based cn a raster size of 1,5 x 1.5 ir.c:;?3, 
A frame rate of 100 per second is selected for the baseline case, and is a cor.se: 
vatively estimated figure based on estimated control loop characteristics. 


Detection is assumed to occur if the signal to noise ratio for a discrete resrlutio: 
element exceeds ten. This detector is essentially a threshold detector, ar.i exper- 
ience cn similar type vidicor, image tube sensors indicates a required of 5 to 

10 to permit consistent processing of the raw data. The limiting ?/” depends to a 
large extend cn the electronic processing methods, but a ?./V. of 10 is a reasonable 
minimum to demand. 


Based or. 3000 total line resolution, the noise equivalent power per resolution ele- 
ment of the image orthicon is approximately 2(10 watts at 100 frames per sec- 
ond, For a signal to noise ratio of ten, this g<ves a limiting guide star magni- 
tude of about 12,7 based on utilizing 23 percent of the total energy collected by 
the MOT telescope, or 13«7 magnitude based on 58 percent utilization. 

"hiere is a trade between angular resolution and minimum guide star magnitude ever 
certain limits. For the baseline case described above (3000 resolution lines per 
raster), the star image size is larger than the resolution element. The OF? per 
resolution element decreases (becomes better) as the element size increases, in 
proportion to the area change, until the star images size and the resolution ele- 
ment are equal in area. For the f/90 configuration described above, this occurs 
at approximately 2600 total raster lines, and hence about 0.3 magnitude fainter^ 
stars can be detected by reducing the angular resolution from 0.01 arc sec tc 
(0.01) arc sec. There is also a reciprocity between exposure tier, (frame rate 4 and 
faintest detectable star. At a rate of one frame per second, for example, the im- 
provement should be nearly 100 tines that at 100 frames per second, i.e., about 
five magnitude fainter stars (18th magnitude) will yield the same signal to r.cise 
ratio. Although this is far too slow a frame rate to use for spacecraft control 
pusposes, it is satisfactory for visual readout by an observer. 

The estimated characteristics of the image orthicon fine pointing sensor are s.-.evr. 
in Figure 5 .**-26 
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Total Range : 
Error Gradient 


t 15 arc sec (il 500 digital steps) 

0.7 Volt/sec nominal, can be varied to suit control loo. 


Error Gradient Linearity: 
Null Offset (Drift) 

Noise Error Voltage: 

Noise Frequency Spectrum: 


Dynamic Response: 

Limited Guide Star Magnitude 


Step function 
.01 arc sec 

* .01 arc sec- digital step 

100 cps or submultiple thereof, i.e. 50 cps, 25 cps, 

12.5 cps, 6.25 cps, etc, with probability determined 
by star magnitude 

100 cps sampling rate 

+12.7 



Figure 5.^-2 6 

IMAGE ORTHICON FINE POINTING SENSOR 
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“vsten Tvnthr: sis - Intermediate Pointing "tar "’raoker 

■ * ■ r i. ----- -■ -- ■■ ■ ■ ■ 


Overall stability and pointing accuracy as small as 0,03. arc second for the nai..’ 
telescope is required for some 10? observational programs. With no intermediate 
star tracker between the coarse and fine pointing nodes, the ratio of fine pointing 
field-of-viev to accuracy would be on tr.e order of 2 x 10 .. This is unrealistically 
high and can be avoided thru the use of an intermediate star tracker to control 
spacecraft pitch and yaw axes. Its nominal optical axis would be boresighted tc be 
coincident with the optical axis of she main telescope. 


The intermediate pointing sensor must improve spacecraft coarse pointing accuracy 
by more than an order of magnitude - preferably two orders - in order that the de- 
mands on the fine pointing sensor not be too severe. The intermediate sensor is 
completely independent of the main telescope in operation; hence the problem of 
spacecraft thermal and structural instability is still present. The problem is 
somewhat different, however, in that now only one star tracker is involved, and its 
nominal pointing direction is fixed. It can structurally be tied into the main 
telescope assembly, or be located in the instrumentation cabin looking along the 
main telescope structure, or can be located on the f/30 Cassegrain secondary mirror 
structure if necessary. 


The intermediate pointing sensor must have an instantaneous field of view that over- 
laps the coarse pointing accuracy (approximately - lj arc min) if a te lious search 
process is to be avoided, Since the nominal point direction of the main telescope 
may be to a very faint star (to perhaps twentieth magnitude for some experiments ) v 
a brighter nearby star must be used for guidance. This will require the intermed- 
iate pointing tracker to have either a very large instantaneous field of view (tens 
cf minutes tc degrees) or be capable of being mechanically or electrically gimbaled 
over this range. 

The total offset field (or ginbal range) is determined by the star population den- 
sity of brighter stars in conjunction with a giver, objective aperature size. Fig- 
ure 5. k-27 is a plot of star population vs position in the galaxy. It is apparent 
that any part of the sky is accessible to a boresight tracker if it can £rack a 
fifth magnitude cr brightgr star, and if the gir.bal freedom is at least - 5 degrees. 
Rear the galactic plane (+30 degrees), this amount of gimbal freedom would permit use 
of fourth magnitude stars. Figure 5 .4-28 is a direct plot of this data shoving the 
required gimbal freedom required versus the minimum magnitude star suitable for guid- 
ance. A large angular offset capability (10 to 20 degrees) would permit use of guide 
stars in the third to fourth magnitude range, hence the use of a relatively small 
collecting aperture. This advantage is paid for in accuracy (the cross coupling be- 
tween axes for a fixed misalignment) and electronic complexity (the required extra 
storage capacity for the same increment offset). A total freedom of about five de- 
grees should thus be considered an upper bound 9ince the required star magnitude 
(+5) is not unreasonable. Smaller gir.bal travel would be desirable, but must be 
paid for by & larger objective. 

The required telescope pointing accuracy when using the intermediate pointing star 
tracker is determined by the maximum acquisition range of the fine pointing sensors. 

\ typical mission in terns of fine pointing requirements is high dispersion spectra 
measurements for which absolute pointing and stability on the order of 0.01 arc 
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Star Magnitude 
Figure 5 .*»-27 

STAR POPULATION DENSITY 
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seconds arc required. Current stete-of-the-art ttar trackers exhibit characteris- 
tics such that the ratio of field of view to angular resolution is limited to a 
value of perhaps 500 to 1000; Assuming this quantity car. be increased to about 
1500 to 2000 for the time period of interest, this, would establish the maximum 
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Figure 5-4-28 


INTERMEDIATE SENSOR GIMBAL FREEDOM 


field of view for the MOT high dispersion fine pointer at 115 to 120 arc seconds, 
or a total field of 3 0 to kO seconds. In order to allow some measure of safety in 
the capture range of the fine pointing sensor, it is desirable that the intermediate 
tracker/control system overall accuracy be held to l/3 to l/2 the fine pointer field 
of view, that is, 5 to 10 arc seconds. Pointing accuracy of the intermediate 
tracker/control system is defined as the angle between the desired pointing direc- 
tion of the main telescope and its actual pointing direction. Initial system bias 
errors are excluded since these can be removed by calibration in orbit. 

There appears to be two different concepts of trackers for the intermediate pointing 
mode - each with its advantages and disadvantages. The first concept would employ 
a photomultiplier detector of either the image dissector type (as with the 0A0 
boresight tracker) or the pyramid beam splitter type (as used with Stratoscope) . 

Each would require an instantaneous field of 14 arcmin, and be mechanically 
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gimbalei over t 5 degrees. The objective size would be five to six inches at about 
t/20, based on a l/4 inch detector. The required angular offset precision is on 
the order of one arc sec, hence a complex and costly dual angular transducer will 
be required. 

The second concept employs an image orthicon detector with a sufficiently large 
objective (y to 10 inches) to permit operation with a tenth to eleventh magnitude 
star. In this configuration, no mechanical offset is required, and the field of 
view is about 40 x 40 are minutes. This requires an f/l5 objective for a 1.5 inch 
detector face. 

9 

The overall length of the gimbaled telescope would be about 25 inches based on an f/3 
primary, and about ko inches for the image orthicon sensor with the same focal ratio. 
These values assume a Cassegrian configuration. Other configurations may be usel to 
reduce the size somewhat, but it is assumed that size and weight are not a major 
limitation. The weight of the image tube concept would be somewhat more than the 
gimbaled tyre even though it has no moving parts or transducers. 

The final decision between the two concepts should be made on the basis of the 
following considerations. 

• Improvements in image tube reliability, and weight and size reduction in the 
next several years. 

• The relative importance of size and weight for the intermediate pointing 
sensor. 

• The decision as to whether a boresighted TV will be carried by MOT for other 
purposes . 

• The cozplexity and cost of a 20-bit equivalent angular transducer for the 
gimbaled concept. 

• Control system considerations for a large increment (1.2 arc sec) digital 
resolution of the image tube detector. 

• The savings in weight and cost associated with permitting a coarse pointing 
mode accuracy of 5 to 10 minutes (image tube) rather than three to four 
minutes (gimbaled tracker). 

Sttne of the more pertinent characteristics of the two sensor concepts are summar- 
ized below. These numbers are only rough estimates, and little can be gained in 
attempting to refine them at this stage of the feasibility study. Structural/ 
thermal analysis and control system concepts must be pursued in the next iteration 
of the intermediate pointing sensor characteristics: 

Gimbaled Image Tube 

Comparison Star Tracker Star Tracker 

Instantaneous field-of-viev *4 arc min t20 arc min 

Total gimbaled field-of-viev 1 5 degree Hone 
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Comparison 

Girabaled 
Star Tracker 

Image Tube 
Star Tracker 

Accuracy of Offset 

il arc see 

11.2 arc sec 

Sensor Linear Range 

120 arc sec 

120 arc min 

Frequency Response 

5 cps 

50 frames/sec 

Required Star Magnitude 

+ 5 

+ 10.5 

Required Objective 

6 -inch diameter, f/20 

9 -inch diameter, 

Required maximum rms 
sensor noise 

0.2 arc sec 

1.2 arc sec 

Estimated spacecraft 
pointing stability 

12 arc sec 

I3 arc sec 

Estimated weight 

25 lbs 

50 lbs 

Estimated power required 

10 watts <§ 28 V 

8 watts 6 28 V 

Estimated size 

9 - inch dia x 
25 inches long 

12 -inch dia x 40 
inches long 


Should subsequent thermal/structural analysis indicate major problems in maintain- 
ing alignment between the telescope axis and intermediate pointing sensor axis, it 
may be necessai'y to incorporate the boreslght tracker within the main telescope, 
utilizing the 120 inch collection aperature. While at first thought this may 
appear advantageous because of the much greater light gathering pcver of the 120 
inch primary, there are significant penalties associated with this abroach. 

First, the total field of view of the f/30 telescope configuration will be 
limited to some small value - probably 10 to 20 minutes maximum - by the field 
stop in the primary mirror itself. With such a limited offset capability, the 
entire sky might not be accessible for high dispersion measurements even taking 
into account the much greater light gathering power of the main telescope mirror 
since only a small fraction of this energy can be taken for the intermediate 
tracker. This limitation can be fully assessed once the actual field limitation 
of the main telescope is known. Several additional disadvantages that are 
apparent are the large linear travel of the guide star image (10 inches for a 10- 
minute field) with its attendant need for large internal optics and/or detector; 
the addition in complexity to the experiment instrumentation caused by sharing 
the experiment objective with the intermediate tracker objective; the need to 
change the intermediate tracker (or at least its optics) each time the f- number 
of the main telescope is changed; and finally, the loss in light to the main 
experiment (perhaps 10 to 20 per cent) that is required to drive the intermediate 
tracker . 

System Synthesis - Fine Pointing Attitude Control Loop 

In this section, the previously discussed sensor and CMC parameters are combined 
into the fine pointing loop in a manner to achieve the pointing requirements . 
Figure 5.^-li- is a block diagram of this loop. 
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The primary 1 consideration in designing the compensation network was to minimize 
the limit cycle caused by gyro friction. The final compensation network, took 
into account the results being obtained from analog computer limit cycle tests 
using first cut compensation designs* computer results indicated that the. 

magnitude of the limit cycles could be decreased by increasing the compensation 
gain and pointing loop crossover frequency. 

Referring td Figure 5*^ *29 >. curves 1 and 2 show the uncompensated (forward loop) 
and compensated total pointing loop bode plots, and curve 3 shows the compensation 
network plot. With the sensor lag at 30 rad/sec and the flexible mode at 5^ rad / 
sec, a 10 rad/sec crossover was selected a9 the maximum attainable. Maximum 
compensation gain was selected by stipulating that the first pair of compensation 
poles be no lower than 0.1 rad/sec. This permitted a compensation gain of 1 67 
inch ouncft/arc sec. 

The transfer function of the compensation network not including the flexible 
mode filter was: 


F(s) 


/ s + 

i\ 2 /_5_ + A 2 

i6t(o7F4 

) \3«0 / in-oz 

/ 8 + l 2 

/ s + If arc sec 

(O.l / 
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The pointing loop bode plots of the previous figure are made with the cc pensatior. 
network above and do not Include the flexible mode filter. The incorporation 
of a flexible mode filter into the attitude feedback loop was used xo stabilize 
the flexible mode vibrations. The complex pole zero network below was cascaded 
with the compensation network to filter out the flexible mode. 



+ 2 (.1)S 
50 

* 2(*i)s 
30 


+ 1 


+ 1 


This filter gave results that agree with the rigid vehicle over a ten percent 
frequency variation from the flexible code. Figure 5*4-30 shows an open loop 
bode plot of the system incorporating this filter. 

A brief paper analysis of the gyro tracking loops was undertaken to see the effects 
of non- identical gyros. The analysis indicated that the tracking loop would acid a 
complex pole-zero combination to the system transfer function, much the same as a 
flexible vehicle mode with high damping. Ihe location of the pole-zero combination, 
through variable with tracking loop gain, would lie close to the complex poles of 
the vehicle rate loop. With identical CMG's, the complex pole-zero combination 
cancels itself out. 


System Synthesis - Won-Linear Analysis 

The main purpose here la to explain why the previously described compensation 
network was chosen. The initial compensation network, designed and tested on the 
analog computer, produced a 1 rad/sec pointing loop crossover frequency. These 
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tests showed that gyro friction caused limit cycling, and that a higher pointing 
roop response would be needed to meet the pointing specifications. 

A phase plane paper study was then carried out to obtain an idea of what limit 
cycle frequencies would be required to meet the 0,01 sec of arc specification. 

The study indicated that limit cycle frequencies near 1 cps would be required as 
disturbance torque magnitude approached maximum.. These conclusions were later 
borne by the computer results . 

The compensation network was thus designed to produce a maximum pointing loop 
frequency response. 

Ute frequency, and magnitude of the limit cycle can be explained oy referring to 
the describing function plot of Figure 5-4*31 and the previous bode plots of 
Figure 5-4.30. To limit cycle at a frequency of 3-2 riti/sec, the complete open 
loop including the gyro friction describing function must have a gain of 1 and 
phase of 180 degrees at this frequency. 

The linear transfer function has a gain of 7*95 and phase of -153° at this fre- 
quency while the friction contributes -22 degrees of phase shift and gain of l/5 
when the input magnitude is 0.05 inch ounce- Physically, this limit cycle can be 
explained as follows. The position limit cycle after being compensated must have 
a magnitude large enough to break gyro friction. For a limit cycle magnitude of 
0.008 arc sec at a frequency of 3-2 rad/sec, the compensation network has a gain 
of £.3 inch ounces/arc sec. Hie input into the gyro is therefore 0.0504 inch 
ounce, Just enough to overcome gyro friction. 

In b unwary, the compensation network must have a gain large enough at the limit 
cycle frequency to allcv the vehicle oscillations to remain below specification 
and still break gyro friction. Since the compensation gain increases with in- 
creasing frequencies in the region of 3 rad/sec, a higher Unit cycle frequency 
requires less position magnitude. 
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CMG DFSCRIBING FUNCTION 


Performance Verification 

A detailed study including an analog computer simulation vas performed to evaluate 
the single axis performance cf the fine pointing attitude control loop. The simu- 
lation concentrated on the fine pointing mode, thus the acquisition and reorienta- 
tion problems received only minor attention. The simulation assumed identical 
control moment gyros and included gy o friction, torque motor and sensor satura- 
tion, sensor noise, end the first flexible mode of the vehicle. Figure 5»^-32 
shows a block diagram cf the system simulated. 

The gyro control torque is proportional to gimbal rate times the cosine of the 
gimbal angle and the vehicle rate feedback is proportional to the cosine of the 
global angle, but during fine pointing gimbal angle vaiiations are small. The cosir 
of gimbal angle multipliers present in the forward loop and rate feedback loop can 
therefore be considered constant for a given simulation run. The tvo extremes of 
magnitude for these multipliers, cos 0 degrees = 1.0 and cos degrees = 0.707, ver 
both simulated to obtain fine pointing performance. These gain variations were four 
to present no major problems. 

The important quantity of grro friction for this system is the static friction; 
i.e., the deadband presented to the torque motor at very small gimbal rates. 

The magnitude of f s dictates the minimum gain required in the position feedback 
loop for a given position accuracy specification. 

Definition of the friction characteristic near zero gimbal rate is extremely 
difficult, and was simulated as a worst case, constant f a or deadband up to 
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breakaway gir.Lal rate. A more detailed cescribtion of the simulation c-.r.d the 
results ia contained ir. -he backup documentation . The results of the study are 
aumarized in the following p&r&gra: hs . 


Analog Compute : 


The analog computer traces made during the study were broken down into three 
categories: linear gyro; nonlinear gyro; a = 0 . g = I 5 degrees. A tabulation 

the resulte is listed in Figure 5 *^“35 for the majority cf the runs, 
time histories of these runs are shown ir. Figures 5*4-3+ and -3r* 


Linear Gvro Dynamics 


In Runs 16 and 17 the linear gyro dynamics vere utilized to serve as a conrarisor 
with the nonlinear responses. In the first 0.005 sac . ms noise vas introduced 
into the sensor. Toe 0.0002 sec attitude offset was due to the araplifiei car. cut s 
null offsets. The second consists of the linear response to an attitude initial 
condition. 


In Runs l8, 19 and 23, the maximum attitude rate that would not exceed the se:i 3 or 
range was determined. In these cases the computer scaling was changed and the 
torquer and sensor saturation levels incorporated into the circuit. Tne criteriE 
used consisted of introducing an attitude initial condition of 5.0 Tec and 
increasing the attitude rate initial condition until the attitude peaked at 10.0 
sec. Thi 6 was done for each sensor saturation level. The results wore; 


Sensor Saturation 
Level 
sec 

Maximum Attitude 
Rate 
sec/sec 

Time to Reach 
Steady State 
sec 

+0.4 

20.0 

4.2 

+0.2 

16.0 

6.6 

±0.1 

14.0 

15.6 


Nonlinear Gyro Dvrvur.ics , cx = 0 decrees 

Runs 21, 22 and 23 show the effect of increasing the disturbance torque from zer* 
to 0.22 foot-pounds. With increasing Tp, the limit cycle, with worst case at ze: 
ft-lb, decreases until the system becomes linear. The second trace has a 
approximately half way between zero and the linear region while the last shows ti 
worst case disturbance in which the system was well into the linear region. 

Runs 24 through 3^ show the effect of 0.001, 0.002 and 0 .0.1 5 sec rtus 6ensor nois 
ae the disturbance increases from zero to 0.22 ft-lb. Of particular importance 
was the reduction of the limit cycle at T D « 0 ft-lb. A further reduction occur 
as the disturbance torque increased to 0.22 ft-lb which was to be expected since 
the nonlinear effect was greatly reduced. 

In Runs 33> 3^ and 35? the effect of various initial attitudes to the system was 
studied with these responses. After the initial transient, the system returned 
to the limit cycle of Run 21. 
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In Run 3 6 , the effect of an initial attitude rate was establihsed. Here again 
the system returned to the limit cycle of Run 21 after the initial transient decay 

Run 37 showed the effect of a torque ramp of 0.002 ft-lb/cec. The result was a 
reduction of the limit cycle as was to be expected from the foregoing responses. 

Nonlinear Gyro Dynamics , a - degrees 

Runs 39 thru bj indicated the response variation when the gimbal angle reaches 
4$ degrees which was the design maximum. An insignificant increase in the 
responses can be seen as compared to the zero gimbal angle condition. 

The effect of null offsets in the sensor and electronics was not simulated during 
the study; however, as an example of a null offset consider the zero disturbance 
limit cycle of Run 21. An offset would shift the limit cycle up or down an 
equivalent number of sec but would not change the limit cycle amplitude. 

% 

Conclusions 

Initial computer results shoved the limit cycle caused by gyro friction was above 
specifications using an initial compensation design. ' The results indicated that 
the limit cycle magnitude could be decreased by a combination of increasing the 
position loop crossover frequency and minimizing gyro friction. A second compen- 
sation network was designed to produce a position crossover at 10 rad/sec, the 
maximum permitted by the sensor response and the flexible mode of the vehicle. 

The above changes were incorporated into the computer simulation end limit cycle 
tests were ryin - The results showed that the system met specifications over the 
total range of disturbance torques, sensor noise and gimbal angles that would be 
experienced . 

Realistic worst case limit cycles of iO. 0025 second of arc were attained with 
0.002 seconds of arc rms sensor noise. With no sensor noise, an unrealistic case , 
the limit cycle increases to + 0.0083 seconds of arc. 

The above realistic worst case result was obtained with gyro angles of ^5 degrees 
and zero disturbance torque. Neither a decrease in gyro angles or changes in 
sensor noise appear to effect the magnitude of the limit cycle significantly. An 
increase in the disturbance torque, however, decreases the limit cycle magnitude 
appreciably. With the maximum disturbance of 0.22 ft-lb there is essentially no 
limit cycle and a position offset of approximately 10 ’ 1 * arc seconds. 

As shown above, because of the high position loop gain required, disturbance 
torques in addition to electronic offsets generate negligible position offsets. 

The compensation network passes most of the sensor noise, and with the magnitude 
of noise specified, helps to decrease the effects of gyro static friction. 

Radial loads on the bearing due to gyro motion would effectively add a small 
amount of damping, but would not increase the static friction level quoted above. 
To achieve the required pointing accuracy, the gyro gimbal friction is the most 
critical factor. Other system components are within the state of the art. 
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The performance indicated by this study is in excess of the specifications, which 
lead3 to core confidence in the results. This study, while quite detailed for this 
level of system definition, has established feasibility, but in so doing, has un- 
covered several critic* 1 areas, requiring further study as discussed in the next 
section. 

5.^.6 Critical Areas 
- Breadboard Studies of Control Hardware 


Breadboard studies. of control hardware are required at an early date to support 
development cf an intermediate size orbiting telescope. One purpose for this tele- 
scope will be to verify design concepts for the attitude control system for the MOT. 

The design of control rcorcent gyros to meet the requirements imposed by the high 
accuracy fine pointing control loop is within the framework cf known technology. 

The ginibal friction needed i3 lower than found in conventional gyros of this size. 

It is predicted that thi.3 low friction level can be attained by using a brushless 
torque motor, unpreloaded bearings, and spiral leads rather than slip rings. Bread- 
board designs are required to substantiate these predictions, as well as uncover any 
unacknowledged problem, areas. 

Design criteria for the MOT fine pointing sensors are such that no need for inven- 
tions are anticipated. Sensors similar to existing hardware types should be ade- 
quate, with improved performance to be achieved primarily through improved detector 
performance. This does not imply that sensor design will be easy or inexpensive, 
as this has net historically been the case. It is also true that severe development 
problems can be induced by demanding a high performance system in a small size, low 
weight, low power package. For the MOT sensors, where other design criteria can 
take preference over size and weight, these induced problems will be minimized. 

Star trackers employing photomultiplier detectors are in a higher developed state 
than image tube sensors. An image orthicon star tracker has not yet been orbited. 
Vidicon systems, however, have been developed. The primary problem with today's 
image orthicon is its large weight and relatively low reliability. These problems, 
as well as additional Improvements, are soluble when subjected to an orderly devel- 
opment cycle. If the MCT sensors were required within the next 2 or 3 years, this 
would have to be classified as a problem area. Over a long period of 5 to 7 year3, 
many of the disadvantages of the image orthicon system will have been solved if an 
orderly development program is initiated at an early date. A logical first step in 
this program would be laboratory investigations of breadboarded sensors. 

Detailed Analysis of ?S?T-MORI Soft Gtrnbal Mode 

From the limited time available during the latter part of the study to investigate 
the vehicle mode in which the MOT is coupled to the MORL by means of a soft gimbal 
concept, a high probability of feasibility has been determined. A complete three- 
axis nonlinear analysis and simulation of the KQT-MORL control system stability, 
taking into account an active control system on the MCRL and structural flexibility 
of both vehicles, should be performed. Determination of the optimum spring rate 
and suspension technique should result from this study. 
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P.oll Axi.s Control 


The need for fairly accurate absolute roll axis position and roll axis stability is 
required for several of the cbservati nal programs. By "fairly accurate" is meant 
seconds of arc cr tens of seconds of arc. The problem arises fror. the fact that a 
star tracker for roll attitude control should nominally he directed at right angles 
to the telescope axis. This poses a thermal/ structural stability problem between 
the axis of the main telescope and that of the roll star tracker. 


The roll star tracker doe3 not pose any problem of special significance. It can, 
in fact, be virtually identical to the intermediate boresight tracker described in 
Section 5 . The heart of the problem lies in the thermal/structural stability of 
the spacecraft structure, and the resulting time variation cf the angle between 
tracker/telescope axis. 


Sensor Setup and Alignment 

The MOT will have eight or more separate observational programs, with each program 
requiring one or core separate assemblies of scientific instrumentation. The total 
number of instrumentation &3sej2blie3 will thus total 15 or 20 or mere. Since it is 
probably net practical to hold the extremely tight optical alignment tolerances 
through the launch environment, and since it will be necessary to make changes of 
instrumentaticn/sensors in orbit, an in-orbit optical alignment of the sensors to 
the remaining system is required. Alignment accuracies will vary with different 
observational programs, but generally will be on the order of one to three seconds 
of arc for the "coarse " manual adjustment. 

Man's capability to perform the required alignment using conventional Earth-based 
techniques is uncertain. Complete prealigned assemblies, containing both sensor 
and scientific instrumentation, may be necessary, for example, to reduce the magni- 
tude of the in-erbit alignment function. 

Tr. ermally Induced Structural/Electronic Instability 

A design problem inherent in all Bystems that require high mechanical/electrical 
stability is that of thermally induced electrical drifts or mechanical distortion. 
This applies not only to the sensor as an entity, but to the shert-ter i thermal dis- 
tortions of the structure that maintains the sensor/ instrument at ion/telescope align- 
ment. This problem is associated with the intermediate pointing sensor as well as 
the fine pointing sensors. A short-term temporal instability in excess of 2 to 4 
seconds of arc between the boresight directions of the intermediate pointing sensor 
and the main telescope will be cause to revaluate the entire intermediate tracker 
design concept, as has previously been discussed. 

The thermal design problem is felt to be less severe for the sensor itself than for 
the relative alignments between sensor/scientific instrumentation. A direct extrap- 
olation of sensor temperature sensitivity for the MOT sensors from the 0A0 Goddard 
Experiment fine pointing sensor indicates a sensitivity on the oi'der of 0.001 sec/°C. 
By making thermal stability a prime design criteria for the MDT sensors, even better 
performance can be expected. 

The associated problem of maintaining the relative alignment between the sensor and 
scientific instrumentation may require an active temperature control system or a 
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Acquisition Problem 


The general problem of large angle sieving and reacquisition, while net considered 
be yend the state of the art, requires detailed study to determine the optimum trade 
effs. Large angle closed loop slews about an arbitrary axis, net possible in the 
CAO implementation due to the compromise made in favor cf equipment simplification 
should be studied for MOT. These studies would determine the digital computer re- 
quirements, the number required and the linear ranges cf the optical sensors, etc. 

£cne of these items interface quite closely on the feasibility problem * f fine point- 
ing. Fcr example, the fine pointing sensor linear range (determined from acquisition 
requirements) has a strong effect on the sensor noise. 

Alternate sieving methods include open loop sieving about one axis at a time using 
the gyro reference. A somewhat different approach would be to use attitude gyros as 
the principle inertial reference and update the gyros with error signals derived from 
the star trackers. The processed tracker error signals would ce inserted into gyro 
terquers, thus slaving the gyres to the trackers. This method would place the cross 
coupling and gain variations in the gyro updating loop ratter than in the vehicle 
control loop. 

Image Motion Compensation 

The required image motion compensation for planetary photography and planetary radi- 
ance ceesurements must be listed as a potential problem area that will require addi- 
tional effort. It has net been determined what the effects of such rate compensation 
will be on the spacecraft, control system, or whether the compensation should be intro- 
duced at the film plate rather than in the telescope point. This is not foreseen as 
a major problem area with respect to the fine pointing sensor per se, only as a source 
of additional complexity. 
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"5 The I'- - : ccmput er for the finite difference solution of heat trur.uf-jr 

problems, was used for making a three diner.si>. nal tir.e doj-enient therm} ar.-'i’ -sis. 
Terr er at .ere rrad.er.ts in- the telescope structure and in the jri: ary ;-:.d '• ec ir.ir. y 
rimers were deterr.ir ed. Heating due to incident solar, Earth reflected, end 

.r*r eritted radi=*ior. as functions cf ortitai position was first cslculr.tjd 
usirp a linnet ary lr.virc.nr.eut Cor cuter Program. (AS 2116). Script F view factors 
•..-■ore then calculated using a generalization of a Eusseit Doub’e ?r:; sot it:. 

Cc-ruter Irrgram. (AT which treats combined specular and diffuse ref] sc ting 

s u-fecee to ieterri.no the radiant heat exchange between nc-dal points cr. the 
inr.'-r telescope tube wall, the secondary mirror support structure, and the 
rrirary end secondary mirrors. Internal reflections resulting from the 
presence :f mirror surfaces and the blocking effect of the secondary mirrer 
structure were include i. 


.-ss-.t~.rt to r.s 

c The telescope configuration assumed for conducting the thermal analysis is 
that shown, in Figure 5.5-1. The telescope shell and the rear surface of 
tr.e primary mirror are insulated with one inch of multilayer vacuum insula- 
tion having a nominal conductivity of 7.0 x 10 ” 5 Btu/hr . ft . C R. The 
primary mirrer is supported from the telescope struct n: • with tangent bar 
support s . 

c Material properties assumed for the thermal analysis a - -: given in 
Figure 5*5-13. 

o Cabin temperature is assumed to be 530°R. 

o Telescope altitudes ar.d orbit assumed are shewn . Figure 5*5-2 . 
c The solar constant is taken to be 443 Btu/hr-ft*. 

o Assumed Earth temperatures, taken from TIROS data, are given in Figure 5.5-19. 
5 . ^ . 3 Anal ys is Ret h od 

Thermal balance cf the telescope is a function of the incident solar radiation. 

Earth emitted radiation, Earth reflected radiation, radiation from the telesccre 
structure to space, radiant interchange with other telejcope structure, and heat 
conducted through the telescope structure. The thermal balance for unit areas 
of structure gives: 

Y 5 ° s + ^R a 3 + ^ 2 T a IR = ° € 1R Vi* + <rS *l ,2 ( T l 4 " T 2 ^ + .... 

- V } + h - ^ - (T r T 0 ) + .... K A. n (T.-T ) + W.jC.dT (3oe 'Section 

AX. &Z iOw.3 -or 

J -,< l,n nomenclature) 

■.r'r.b.'r designate? Toeing Computer programs 
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; r. the heat transfer analysis selves heat f- ' 
tsi to thermally analogous elect.--* cal netwar.-.s. 
paths are simulated by assigning aipvpriate 
ter network. The telescope structure is broker. 
stUT.ed to have a uniform ter.peratv.re throughout 
er cf nodes increases the accuracy, cut at the 


s relatively ccr.rlex; therefore, a fairly fine 
e = ary to sir.ulate accurately incident radiation 
iar.t exchange between elei. cental areas cf telescope 
ar.d space. Cuter and inner telescope shells were 
dal areas and the primary and secondary ~ errors 
1 areas, respectively. Other nodes were require i 
1 elements, making a total of £2 nodes. Figures 
network and structural thermal conduction paths 
addition, view factors for 3?5 radiant transfer 
red. Incident Earth and solar heat leads or. -.1 
linear interpolation between calculated values 
variation in thermal conductivity with temperature 
d, as well as the variation with temperature cf 
Heat leads calculated as a function cf orbital 
a Planetary Environment Computer Frcgr&m, ar.d 
erm.ir.ed with a generalized Husselt fcuble Frepectic: 
were then input to the BE FA Frog ran. 


5.5.4 Results 

Thermal tine constants of the 
Figure 5.5-5, which shews the 
launch tonr nature of 530°’!. 
briu" after a few minutes in 
thermal capacitance and is we 
temperatures also stabj lice >.* 
capacitance of the walls. Th 
tin-: to reach equilibrium ter. 
thermal insulation effective:; 
equal ib-ium temperature of th 


mirrors and telescope structure can be seen in 
transient temperature history after an 'r.itial 
Cuter wall temperatures (not shewn) reach ecsuili- 
erb it, because the outer wail has a relatively small 
11 insulated from the internal structure* Inner wall 
1th in about 10 to 15 hours, due tc lew thermal 
e primary and secondary min ors require a much longer 
perature, which, depending cn’telesccpe attitude and 
ess, varies from ??0°!v to 45C 9 ;\* In general, the 
■2 secondary mirror is 10 tc ZO°’:i colder than the 
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pr i nary rarror because the secondary mirror is mere ccr.riotely isolated from the 
cabin. liaximum mirror thermal gradients occur duri.-.r this cc cl-iov.r. phase, due 


to heat conduction from the mirror tc the ta; 


*2 . . u — rt ^ C 


ture gradients occur about ]5 honors after launch, vh.oh tr.e fci.Icwir.n- 


Maximum ter.rera- 


>r.r 11 r 


differences between adjacent nodes: circumferential , 

ar.d axial, 0.13 o i'{. 


ure 


h; radial, 0.03°k; 


Figure 5.5-6 shows the effect on outer-wall temperature cf changing the outer 
surf ace coating ol ^/( when the te, a scope axis is perrer.dicular to the solar 
vector. The upper curves' represent average nodal temperature of a 120° serr.ent 


upper curves repress.,. a.-ia^ 
cf the cuter wall that is always oriented toward the rm, Figure 5.5-7 shews 

the telescooe 


that surface coating cc fc _p has considerably less efi 
axis is parallel to the S solar‘ "vector. 


Figure 5*5-6 shows quasi-steady state inner tube vail temperatures for the two tele- 
scope attitudes studied. Variations in outer coating a/ ( were found to exert only 
a minor influence on inner vail temperature, due to the relatively small heat flux 

through the super insulation with either type coating. Hence, selection of either 
a high cr low a/f coating appeared to offer no particular advantage, and all sub- 
sequent analyses were therefore based on a white coating having an a Jt j- ** 0.2/0. 9 


Inner wall temperatures are seen to be somewhat higher when the telescope’ 
attitude is parallel to the solar vector, due to the heating effect when viewing 
the sunlit Sarth. It may also be seen that greater circumferential gradients 
occur at portions cf the inner tube represented by the three r.edal areas near 
the open end and that the gradient is quite small for r.edal areas nearest the 
primary mirror. 


The importance of maintaining small circumferential gradients in the inner tube 
wall near the mirror ray be seen from Figure 5.5-9. In this figure, the effect 
cf varying the reflectance and emittaivce of the r.edal areas nearest the mirror 
(represented by nodal areas 7 to 9 inclusive) is clearly shewn. Ihe .nodal areas 
1 to 6 inclusive, corresponding to the cuter 2/3 cf tube wall, were assumed to 
be coated with flat black paint {C specular = C, (f diffuse - 0.1, * * 0.9) in 
each case. Making the near wall nodes highly specular, as represented by the 
polished aluminum configuration, is undesirable because it diminishes the view 
factor to the wall surface nearest the mirror, where the wall temperature is 
uniform, and increases the view factor to the wall surface near the open end, 
where the wall temperature variation is much greater. The use cf sandblasted 
aluminum near the mirror would provide some advantage if the wall temperature 
near the mirror was nonuniform because it tends to equalize the view factors. 
However , because the wall temperatures near the mirror are quite uniform (see 
Figure 5.5-6), the use of flat black paint for the entire inner wall surface is 
recommended as it provides the smallest view factor to the wall surface near the 
open end. 


Figure 5.5-10 shows quasisteady- state primary and secondary mirror temperatures 
when the telescope axis is perpendicular to the solar vector; i.e., the telescope 
views only space. The terms defining the curves may be better understood by 
referring again to nodes 11 to 36 and 111 to 136 inclusive in the nodal network 
(Figure 5.5-3)» The primary mirror quasi stoady-st ate gradients are less than 
0.01 °!i, due to the nearly' isothermal mirror environment and the relatively' high 
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thermal conductivity of the beryllium. used In the mirr'.r construct'.:: 
of the sir-all view factor between the mirror surface and the tube wal! 
near the open end,, the ncnur.lform. wall ter.j erctures m t:..j : ' i. • ■ ' 

] i ttle effect and the circumferential m irror temperature gradient as * r 3 

ouite snail. 

The temperature gradients in the secondary mirror are considerably larger, due _ 
to the lower thermal conductivity of tr.e fusel silica materia- and tne a_re.c--_. 
nature of the incident heat loads on the secondary mirror sujjort structure. 
Larger gradients are permissible with fused silica, however, because of a .cw.-r 
thermal expansion coefficient. 

Figure 5.5-11 shows quasi steady-state prim-ary ar.d secondary mirror temperatures 
when the telescope axis is parallel to the solar vector, sc that the inner wn.._ 
and r rimary mirror alternately view sun~.it oartr. and space cir~ 


• ‘ *C> 


nch 


arm 1 1 a ^ ~ ~ — * ^ 

Increased circumferential gradients in the primary mirror result fro:, meiaent 
Earth reflected and emitted radiation on the primary mirror surface, am the 

shadow pattern cast by the secondary mirror structure and tube wall. The circumferen- 
tial gradients in the secondary mirror are less severe for this case, because the 
incident heat flux io more uniform around the circumference of the secondary mirror 
support structure. 

Figure 5.5-12 shows the mirror temperature gradients that car. develop as a resu-t 
of an orbital attitude change. The telescope structure and mirrors were first 
permitted to reach equilibrium, temperature with the telescope axis parallel to 
the solar vector so that the primary mirror alternately views sunlit £artr. ar.a 
srace . From Figure 5.5-11, it may be seen that the equilibrium, primary and 
secondary mirror temperatures are 437°?. and 424°?-, respectively. The telescope 
attitude was then assumed to rotate 90 degrees to another viewing position, such 
that the telescope axis is perpendicular to tne solar vector and the te^esc^pe 
continuously viewed space. The new rdrro: equilibrium .temperatures for wis 
telescope rositicn -are seen from Figure 5 • 5-1 0 to be 4C7°t ar.d 3S9°i. Alter 
approximately 20 hours, the inner telescope wall temperatures decrease arprcxi- 
nsately 30 °R to a new equilibrium temperature (se. Figure 5-5-3), whereas the 
mirror temperatures have only droppea about 1.4 # R. mis produces a mm..*— i— 
temperature difference between the mirrors and supporting structure that causes 
an appreciable circumferential and radial gradient to occur in the mirror near 
the tangent bar supports. 

Figure 5.5-13 is a cross plot of the data of Figure 5.5-12 to show radial tempera- 
ture gradients. It is apparent, from these plots, that objectionable grr.d-.ents 
can occur during periods when the mirrors and surrounding structure are under- 
reing transient temperature charges to a new equilibrium temperature. These 
gradients can be almost eliminated if the mirror and structural equilibrium 
temperatures are made nearly equal for all telescope attitudes. This can be 
achieved by the use of doors that are closed whenever the telescope views surf it 
Earth. Those doors are located in an isothermal environment provided by the 
earth 3 hade, as described in Section 5.2.1. 

figure 5.5-14 shows quasi steady- state mirror temperatures that occur when the 
telescope is oriented parallel to the solar vector with the doors closed when 
viewing sunlit Earth. Comparison with Figure 5.5-11 show’s that the doors 
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Figure 5 . 5-15 shews * hat when doors are used, the oh j actionable gradients that 
develop v.lth changing teles err - attitude are largely eliminated. 

The validity of the mirror gradients presented in this study are clearly dependent 
on the ability tc .-.anufacture a telescope structure having insulation and tangent 
tar thermal conduct ar.ee cf rag nit u he comp&narle to these assumed in the analysis. 
Insulation installed between the primary mirror and fleer tear 1 , will be compressed 
while th > mirror is supported by the floor team assembly during boost, hoeing 
tes* data for an insulation consisting of alternate layers of 0. 00025-inch 
aluminum fell ar/i grade !- A" Demi glass paper, which "..’as compressed and then allowed 
to recover, were used in the analysis. These data were used to develop constants 
for an equation of the form derived by Ftainier. Effective insulation conductance 
is expressed as a function of temperature: 


V — 


ji .52 (— ^) 3 (:+a+?. 2 +R 3 )+o.oe37 tw(i+i)] id 


Btu 
ft hr # R 


( 2 ) 


where 


:> — 


Tc 


iw 


To establish the sensitivity of mirror temperature gradients to insulation 
system effectiveness, the same tangent bar conductance was assumed, but the 
insulation conductance determined by equation (2) was increased by a factor of 10. 
Figure 5.5-16 shews that a large increase in axial mirror gradient can result 
from, increasing the insulation conductance. If the assumed conductance cannot 
be met in practice, it may become necessary tc increase the insulation thickness 
from the nominal one inch value. To explore the potential of different mirror 
construction, a brief investigation was made cf a solid mirror. In this event, 
Fifire 5*5-1? shews the quasisteady- state temperatures for a 2.0 inch thick 
solid beryllium mirror fer a condition simila” to that of Figure 5.5-11, in 
which the telescope alternately views sunlit darth and space and doers are not 
employed . 

The results *ust presented indicate that with further design improvements, it 
should be possible to obtain short term thermal control of optical mirror geo- 
metry bp* passive means. The effect of long term stress relaxation and operation 
at temperatures other than the temperature at which the mirrors were manufactured 
has not been established and may require seme form of active control. 


5.*;. 4.1 ‘hterials Properties 

A summary cf the the-mal properties of materials used in the thermal analysis 
is presented in Figure 5.5-1B. Only nominal properties at a specified tempera- 
ture are presented, although in the thermal analysis the dependence of therral 
conductivity and specific heat cn temperature were considered. 
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5 • 5 .4 » 2 Planetary Thermal Environment 

The incident therrrial radiation on nodal oreai> of the telescope structure and 
mirrors were determined with Flanetary -T.err.al Environment Computer Program 
(AS 2116). Effective Earth temperat ures from TIROS data, in accordance with 
Figure 5.5-19, were assumed. Values of effective Earth temperature as much as 
30°R lower than the values used in the analysis have been proposed by some in- 
vestigators. The results of the analysis shewed, nowever, that because of the 
effectiveness of the super insulation used in the telescope wall structure, the 
effect on the inner wall and mirror equilibrium temperature is small. This 
applies particularly when a door is used to prevent direct viewing of sunlit 
Earth. 


5. 5. 4. 3 Nomenclature 

A = area normal to heat conduction path 
C = specific h*sat 

F - geometric view' factor 

^ = script F view factor (calculated by Computer Program AS 204) 

K = thei mal conductance 

q — incident heat flux on nodal area (calculated by computer program AS 2116 

F. = ratio- 

T = absolute temperature 

— length between nodes in direction of heat conduction path 
mass 

absorptance 
emiotance 
time 

j 

Stefan-Boltzmann constant = 0.17123 x 10 Btu per hr-sq ft-°R** 
reflectance 


Subscripts: 

c 

- 

cold side 

DS 

sr 

direct solar 

SR 

s 

Earth reflected 

ST 

3= 

Earth emitted 

H 

rr 

hot side 

IR 

= 

infrared 

S 

cs 

solar 

SP 


space 

l,n 

ra 

node numbers 
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EFFECTIVE EARTH TEMPERATURE 
FIGURE 5.5-19 


5.5.5 Conclusions 


Thermal control cf p: i-^r; and secondary nirrcr optical geometry by passive 
r.eans appears tc be feasible fcr short tern operation. Long tern effects such 
as stress relaxation, which could cause ndrror distortions requiring an active 
system, have not yet been evaluated. The effective thermal insulation cf the 
primary nirrcr from the flcor bean end use of low conductive tangent bars tc 
the inner telescope tube structure are of prine importance for preventing tr.e 
occurrence cf excessive mirror temperature gradients. Employment cf doors which 
are maintained isothermal by means cf an earthshade, proved beneficial and is 
recommended. Recommended surface coatings are low ft / f yj, white paint fcr the 
exterior tube '.oil and flat black paint for interior wall and secondary mirror 
support structure. A C-ir.ch-thick solid ndrror could be employed which has 
smaller axial temperature gradients than the honeycomb construction. 

Further inv sstigatiens of the thermal problems associated with optical geometry 
are needed, but should be deferred until second generation trade studies have 
been performed in the following areas: 

Primary mirror materials, constructions, and fabrication 

Secondary mdrror cell design 

Telescope configuration 
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5.6 OTHER SUBSYSTEMS 


Supporting subsystems i'or the MOT that are similar to the systems teir. 
for current apace programs ar.i that do not affect the operational fees 
defined in the following. paragraphs. These systems are defined only f 
purposes of completing descriptions of typical requirements for a MOT 
concept. In general, the data were only used to develop installation 
for configuration drawings and weight statements. 


r i^ve 

o * 

■i bi "* '* tv T_i r- * 
or the 
operational 
requirements 


5.6.1 Communications and Data Handling 

Subsystems required to support the orbiting telescope mission include the communi- 
cations, data handling system, and the guidance electronics associated with r°ndez 
vous and docking operations. Inasmuch as the rendezvous mission is so intimately 
supported by the communications system, the rendezvous and docking subsystem will 
be covered under the communications and data handling system. 

The detached mode of operation described in Section 4 necessitates the use of R-F 
links for monitoring attitude control, and communications purposes. The coupled 
mode lends itself to the U3e of flexible cables. In either mode the number and 
type of functions are essentially the same. Only the decoupled mode will be des- 
cribed in detail since it has the greater requirements. In the gitahalled mode, 
the receiver and transmitter functions for telemetry, command, and imagery data 
can be handled with cables. 


The communication and data handling subsystem provides all transfer of command and 
control data and mission related information to end from the MOT. This subsystem 
supports and provides such functions as tracking, voice connunicaticn, reception and 
distribution of commands, formatting and transmission of data for the monitoring 
and control of the MOT subsystems, and acqui >ition and transmission of imagery data 
for visual monitoring. A block diagram of the communications and data management- 
subsystem which identifies the equipment needed to perform the necessary furctions 
is shown in Figure 5*6-1. Figure 5*6-2 defines the centerline equipment (without 
spares) in terras of weight, volume, and power. 

FIGURE y.6-2 

COMMUNICATIONS AND DATA HANDLING EQUIPMENT CHARACTERISTICS 



Weight 

Power 


Coaponent 

(lbs) 


Size 

Telemetry 

21.0 

0.5 

7.5 x 16.5 x 3.5 in 

Vidicon Camera ( 2 ) 

6.0 (ea) 

11.0 (ea) 

2.5 x 7-6 x 6 in (ea) 

VHF Transmitter (0.5w)« 

0.4 

7.0 

2.3 x 3*3 c 1.0 in 

YHF Transmitter (2 v)* 

0.9 

18.0 

2.3 x 3.3 x 2.0 in 

Command Receiver 

4.0 

2.0 

3.9 x 7*6 x 3.4 in 

Command Decoder 

12.0 

8.0 

250 cu in 

Rendezvous Radar Transponder 

15.0 

12.0 

0.75 cu ft 

Antennas 

6.0 

- 

4 cu ft (est) 

Cables 

15.0 

- 


Diplexer 

1.0 

- 

1.9 x 5.6 x 2.7 in 

Voice Receiver and 

3.0 


2.8 x 7*7 x 2.4 in 


Transmitter 
♦(Transmitter Power) 
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BLOCK DIAGRAM - COMMUNICATION & DATA MAMA' 
FIGURE 5.6-1 
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The telemetry aysteu: provides the dats required to monitor the status o:' the MCI 
vehicle and ita subsystem by transmissions to the MORL. The data are used as the 
basie for control and operation of the telescope and its subsystems. A PCM system 
U3ing magnetic logic, which needs little cover, is recommended as a candidate telem 
etry system. The number of functions estimated to be monitored for each of the 
basic scientific experiment 3 and each of the major subsystems are shewn in Figure 
5.6-3. The analog and discrete channels needed to perform the monitoring functions 
listed in Figure 5.6-3 are estimated tc oe es follows: 

VO analog channels at a rate of 2 s&nples/sec 
2^7 analog channels at a rate of 1 sample/sec 
100 dif crete channels at a rate cf 1 sample/sec 


FIGURE 5.6-3 
H 3 RITGR FUriCTIOKS 


Camera 

Spectrograph 
IB Spectrometer 
Optical Spectrometer 
Polar iaeter 
Binary Detector 
Power 

Attitude Control 
Thermal Control 
Communications 
Rendezvous 
Contingency 


5 

8 

8 

13 

13 

13 

35 

210 

20 

33 

11 

18 


Total 


367 


Some of the scientific data lends itself to transmission by an RF link from the 
telescope to MORL. Since the monitoring data requires only a narrow bandwidth, the 
scientific data can be transmitted with cue monitoring data over the same link. The 
data may be digitized and multiplexed as pulse code modulated (PCM) data with the 
monitoring data for transmission to MDRL. Postulated sampling rates arc: 

Binary Detection (l 6-bit word) - 1 sample/sec 
Polar ime try (analog) - 1 sample/sec 

Spectrography (analog) - 1200 samples/aec 

Synchronization is also required and may be accomplished by using a 31-bit word 
transmitted once per second. All analog data cay be digitized and formated into 
8-bit words, which provides sufficient accuracy for both monitoring and scientific 
data « 

The primary data to be obtained from the MZT viU be in the form of photographic 
plates. The photographs will require such detailed analysis that It in presently 
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Impractical to transmit the data by radio links. Hence, the photographic platts 
vill be physically recovered and returned to Earth. There is provision, however, 
in the communication and data management subsystem for a video link which permits 
remote monitoring of the camera image. The image is derived from a slow-scan vidi- 
con having a resolution capability of 1150 TV lines which provides a 400-line-pair 
image when the Kell factor is introduced. A frame rate of one image every 6 sec- 
onds is considered ad* cuate for monitoring purposes when combined with a long per- 
sistence viewing screen. By limiting the frame rate, it is possible to utilize a 
reasonably narrow solid state transmitter. It is assumed that six grey levels will 
be adequate and that analog transmission may be employed with a bandwidth of about 
100 kc . 

VHF transmitters may be used to transmit both telemetry and imagery data since solid 
state transmitters are available with relatively high efficiency and the antennas 
are conveniently small in size. The narrow bandwidth needed for the PGM telemetry 
permits the selection of a 0.5-vatt transmitter while the wider bandwidth of the 
video link needs a 2-watt transmitter for transmission for distances of about a 
mile. A diplexer permits the u9e of a single antenna system which consists of three 
vfcip antennas equally spaced around the circumference of the MOT base, thereby as- 
suring coverage at all times. The whip antenna may be of the type used on Gemini 
which can be stored inside a retaining drum end latched in position. When released, 
the antenna would form an element about 12 inches long and 0.5 inch in diameter. 

Recording of scientific data from experiments other than high resolution photography 
can best be done on nagr.etic tape, with the recorder installed with the other in- 
strumentation in the orbiting telescope, A recorder similar to the one designed for 
Gemini would be very appropriate. This weighs about 12 pounds with a 2400- foot reel 
of l/2- Inch tape and has e volume of about 400 cubic inches. At the low record 
speeds necessary to accommodate the data rates, the power to operate the recorder 
would be less than 5 watts. The MTBF of the recorder and tape is about 7000 hours. 
It is advisable to have at least two recorders, so that a replacement recorder and 
tape could be installed in tbs telescope instrument package when the tape on the 
other recorder had been used up. This is preferable to replacement of tape at the 
telescope because the operation would be awkward and tedious. The used tape with 
its recorder could then be played back to a M0RL recorder or directly to a ground 
station recorder via the M)Ri. communication link. The tape can then be erased and 
it is then ready (along with its recorder mechanism) for subsequent replacement in 
the telescope. 

The scientific data to be recorded, and subsequently transmitted to the ground sta- 
tions, amounts to about 3,200,000 bits, which occur over a period of 48 days, or 
700 hours of recording time. The breakdown of the data is: 

o High dispersion spectroscopy in 0.1 A Increments over 

a range of 1000-4000 A to an accuracy of 10 percent. . . . 1 , 900,000 bits 

o High dispersion IR spectroscopy in 0.2 micron incre- 
ments over a range of 1-15 microns to an accuracy of 

10 percent 600,000 bits 

o low dispersion spectrometer in 50 A increments over a 

range of 1000-4000 A to an accuracy of 10 percent 10,000 bits 
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o Photometry to 1 percent accuracy 600,000 bits 

o Thermoelectric (IR detector) measurements to 2 percent 

accuracy 60,000 bits 


For the above data, the recorder can be operated at 0.04 in/sec tape speed, waning 
a 2400-foot reel of tape vould last about 200 hours. Accordingly/ it would take 
about four reels to accommodate the 700 hours of recording, which is equivalent to 
three recorder (plus reel) changes. 


Scientific data accumulated by MOT must be processed and transmitted by the MORL 
data handling system. A preliminary analysis of the MORL communi cations and telem- 
etry system capability indicates: 

o Channel M F" designated for PCM experimental data, has a capacity of 
76,800 bits per second. 

o Total contact time per day over Cape Kennedy and Corpus Christ! ground 
statins is 77 minutes. 

o Total transmission capability over Channel "F" is 355,000,000 bits per 

day. 

o Experiment data accumulated from MORL experiments is 304,000,000 bits per 

day. 

o Data handling capacity available for additional data, as for example from 
MOT, is 51,000,000 bits per day. 

Hence, adequate capability exists on MORL to accommodate the MOT data. It is highly 
probable that many of the MORL experiments vill have been completed prior to MOT, 
and additional capability will be available which might be used to scan specific 
areas of the high resolution photographs. 

Control signals are received from MORL through a command receiver and are decoded 
and distributed by a decoder. The number of control commands and the equipment or 
function that require?* the commands are listed in Figure 5.6-4. 

Commands may be encoded on the fDRL into a serial PCM pulse train and transmitted 
over a single carrier to MOT. The receiver can be a narrow-band receiver which de- 
modulates the pulse train and presents it to the decoder. The decoder identifies 
the intended equipment and sends pulses or analog signals to it as required. A com- 
mand rate of once per second for each item of equipment or function is believed 
adequate . 

The command receiver operating in the UBF band is available off the shelf with only 
minor modification. The decoder must be designed to fit MOT requirements. The 
antennas that serve the receiver would be similar to those used with tlx? VHF telem- 
etry and Imagery transmitter. A frequency of about 400 me is selected because re- 
ceivers exist and antennas are small in size. 

Voice connunication between crewmen on MOT and MORL, when required, will be accomp- 
lished vJ Vn a two-way low-power voice transceiver, since the expected range will be 
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FIGURE 5.6-4 

CONTROL COMMA!© FUNCTIONS 


Equipment or Function 
Carer a 

Spectrograph 
IR Spectrometer 
Optical Spectrometer 
Polar ire ter 
Binary Detector 
Pover 

Attitude Control 
Thermal Control 
Communications 
Rendezvous 
Contingency 


Total 


Number of Command 3 
Discrete Analog 


15 

30 

15 

5 

k 

5 

6 

20 

6 

6 

8 

3 


20 


123 


20 


about a mile. The transceivers may also be^ on VHF and use antennas similar to the 
video and telemetry transmitter. A second ^camera can provide visual monitoring of 
the crewmen and their activities while they are in the MOT. If such a camera is 
used, transmission cf the imagery data should be shared with the camera imagery 
monitoring since it is not proposed to provide two video links. 

Interfaces need tc be provided in MORL to operate with the communication and data 
management subsystem cf MOT. Those interfaces are: 

o Receivers, demodulators, and data presentation devices for the telemetry 
and video link. Also appropriate antennas. 

o A command coder and transmitter (with appropriate antennas) to communicate 
with the command receiver and decoder on MOT. 

o Data storage provisions for the telemetry data. 

o Voice transceiver for communicating with crew while on MOT. 

MOT-MORL Rendezvous ar.d Decking 

Rendezvous of MOT vith MORL may be accomplished in a manner similar to the Gemir.i- 
Agena technique. Inasmuch as MORL is scheduled to be equipped with a rendezvous 
radar, it is necessary to equip MOT with the radar transponder. The radar and trans- 
ponder could be interchanged between MOT and MORL, but such other considerations as 
the availability of a computer, raanucl data insertio unit, and incremental velocity 
display unit in MORL make it desirable t^ have the radar in MORL. This will necessi- 
tate attitude orientation of MORL in order to permit the radar antenna beam, which 
is a 70 degree cone, to be directed at the MOT. 
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The transponder antenna system would consist of a dipole mounted on a boom, tvo 
spiral antennas, and selector switches. The dipole has a doughnut -shared pattern 
with the dipole located in the center.. The patterns of the spiral antennas, pointed 
in opposite directions, would previa* spherical coverage by operating ir, the space 
above and below the dipole pattern. The antenna switches would cycle between anten- 
nas, sample signals on each, and lock on the antenna with the strongest signal. A 

circulator permits the same antenna s/stem to be used for transmission and reception. 

The transponder has appropriate bandpass filters to discriminate against unwanted 
radar frequencies and also has attenuators to permit operation at close ranges. The 
transponder responds to a predetermined interrogation pulse from the rendezvous radar 
at an offset frequency with a 2-raicrosecond delay and expands the 1-microsecond pulse 
received from the radar into a 6-nicrosecond re transmitted pulse. The retransmitted 
pulse provides the source of information for azimuth, elevation, range, and range 

rate data. The data is then provided to the computer which operates on the data and 

presents it for use to the appropriate indicators and displays used by the crew in 
obtaining a successful rendezvous. Desired commands for maneuvering MOT nay be 
transmitted over the command link. The command receiver will probably be turned on 
at launch and left on at all times. It can also be used for turning on the rendez- 
vous transponder. 

Tracking of MOT from the ground for purposes of commands for coarse and fine phasing 
orbit maneuvers may re- ire a beacon and appropriate antenna. It is quite likely 
that skin tracking will oe adequate. If not, additional equipment weighing 22 pc'inds 
and antennas and boom weighing about 6 pounds should be added. The beacon requlits 
about 35 watts of power. 

Tracking information about the position of MOT can be transmitted to MDRL over their 
ground-to-space link and such information can be used for preparation of rendezvous 
activities. 

For final docking maneuvers, and possibility of docking in the dark, tvo 25- v att 
beacon lights should be installed on opposite sides tc assist the MOF.L crew ir. mane- 
uvering MOT in the docking phase. The lights can also be used by the shuttle crew 
in approaching MOT. The lights may be turned on and off through the command link. 

5.6.2 Electrical 

The electrical power subsystem is required to provide the MOT subsystem electrical 
power requirements, upon demand, from the launch through the operational mission 
phases. The electrical subsystem concepts selected for each of the MOT concepts. 

Mode IC-Configurei on 9^8-^lC, and Mode IIID-Configuration 9^8- 1 +3I | , were based on 
the following requirements and assumptions. 

o Operational life is 3 to 5 years. 

o MOFL electrical subsystem can supply MOT power requirements with no 
additional power sources or conditioning equipment required during 
docked periods. 

o Periodic maintenance and resupply will be provided. 
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o POTtr Requirements: 

MOT Operational - (see Figure 5*6-5 and Figure 5 . 6 - 6 ) 

Launch & Rendezvous - 350 watts, average 

4600 vatt-hours 

o The roll axis of the MOT ray be used to sun-crient solar panels in the 
Mode HID concept. 

3. 6 . 2.1 System Selection and Description 

The Mode IC, Configuration 948-41C, electrical cover subsystem concept utilizes pri- 
mary silver-zinc batteries (weight— 110* pounds) to supply the MOT electrical require- 
ments (4800 vatt-hours) during launch, rendezvous and decking. After docking, the 

FIGURE 3.6-5 

ELECTRICAL POWER HEQUIR2MEHTS 
(Operational Phase) 



AVG. POWER (Watts) 

[ FEAX POWER (Watts)** 

Mode IIID 

ra 

Mode IIID 

Mode IC 

Attitude Control 

320 

320 

620 

620 

Communications 

35 

35 

57 

57 

Experiments 

50 

50 

50 

50 

Environmental Control 





Telescope 

50 

50 

50 

50 

Cabin Manned* 

20 

20 

200 

200 

Cabin Unmanned* 

9° 

90 

100 

100 

Depressurization* 

65 

— 

3250 

— 

Miscellaneous Actuators 

— 

— 

200 

200 

Electrical Power 

290 

35 

1200 

70 

TOTALS 

920 

600 

5000 

1350 


* Assumptions: Cabin is manned 4 hours per 1.5 days. Depressurization requires 

2.25 average for 1 hour at the end of each manned period. Depres- 
surization while docked is accomplished by the laboratory subsystems. 
Cabin pressurization power requirements were estimated on the basis 
of Configuration "C" in Figure 4-1. A two hour pumpdown time will 
be required to be compatible with the final configuration. This 
will have a negligible effect on the timeline analysis, 

**Total peak power reflects diversification of the loads. 

3*3 








POWER ^ WATTS 


Dc'-8 , tO ; wsi 



5 10 15 0 5 10 15 30 35 


TIME BO IKS 

FIGURE 5*6-6 MODE HID POWER PROFILE 
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MOT buses (28 volts d.c. and 4oO cycle-, 3 phases, 115/200 ’'olts a.c. buses) are 
connected directly to the laboratory electrical subsystem. The connecting 
electrical wiring will be designed with enough flexibility at the MOT gimbal 
point to prevent imposing significant disturbing torques to the MOT regardless of 
attitude. • The individual MOT electrical loads are connected to their respective 
buses, through manually-activated circuit breakers for control and protection. 

If a more detailed analysis indicates a need for either peaking or additional 
power sources located in the MOT, it is anticipated that the primary batteries 
uued for launch and rendez’-'us may be replaced by rechargeable batteries which 
can be recharged periodically from the laboratory electrical subsystem. 

The Mode HID, Configuration 9U8-4-3D, electrical power subsystem center line con- 
cept selected is a solar cell/battery electrical never subsystem. Figure 5*6-7 
shows a subsystem weight summary. The solar cell panels supply the average power 
requirements of the loads and the batteries during sunlight portions of the orbit. 
Silver cadmium batteries are used to # supply power demands during the snadow portior 
of the orbit, during peak demand periods, and during the launch, rendezvous, and 
docking phases. Voltage regulators connected to the solar panels and the batteries 
provide regulated 28 volt d.c. power to the d.c, loads and to the inverters. The 
d.c.-to-a.c. converters supply 400 cycle, 3-pi ‘'15/200 volt a.c. power to the 
a.c. loads. 

The solar cell panels are oriented to the Sun by articulation cf the panels with 
respect to the MOT pitch axis and by rolling the MOT about its roll axis. After 
orientation of both the MOT and the solar panels, the panels are locked in positior 
so as not to affect the MOT stabil2y during an observation period. This will 
result in only a small reduction in solar panel power output as MOT orientation 
is maintained. Fixed panels would require as much as five tines the solar panel 
area to supply the required power. The solar panels are sized to provide 1.515 
kilowatts at end-of -mission with no maintenance or resupply. A panel degradation 
of 30 per cent due to micrometeoroids, radiation, and thermal cycling was assumed. 

Sealed, rechargeable, silver-cadmium batteries operated to 35 per cent depth of 
discharge was selected to provide energy storage capable of supplying the power 
requirements during shadow periods. In addition, the batteries will supply peak 
demands which are above the power capabilities of the solar panels during sunlight 
and supply all power requirements during the launch, rendezvous and docking phases 
The batteries are sized to supply 3430 watt-hours required during one shadow perio*. 
(cabin-manned) and including a one hour depressurization cycle. Backup power requ: 
ments will be provided by the batteries in the shuttle to support frequent repressu: 
lzations during large scale photgraph experiments. Two batteries are installed 
and both are required to supply the maximum energy requirements; however, it is 
assumed that only one is required to supply' the energy requirements during an 
emergency cr maintenance period such as for replacement cf batteries at the end 
of their one-year design life or in the event of a random failure, or during 
replacement of a failed battery charger. Two battery chargers are installed, one 
for each of the silver-cadmium batteries with interconnections such that in the 
event of a failure the remaining charger may be used to charge either battery. Thi 
batteries can be charged to full capacity between periods of manned occupancy. 

Two voltage regxilators are installed, one operating and one non-operating standby. 
These regulators are "step-down", non dissipative type and are sized to regulate 
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MODE IIID ELECTRICAL 


'zyTfrr'V'f m/v' nv 

1^0^ JlO* i.i'j 1 J vA , * 


ITEM 

RATING 

SIZE 

(Total) 

wf. zg:c 

(Total ) 
(Lbs. ) 

Solar Panels (2)* 

1515 W 

216 ft 2 

324 

Batteries (2) 

3^30 WH 

4.5 ft 3 

c\ r 
S %r s 

Regulators (2)** 

5000 w 

2140 in 3 

75 

Inverters ( 2 )♦# 

4500 W 

5150 in 3 

180 

Battery Chargers (2) 

745 W 

430 m 3 

15 

Distribution System 



250 


♦Number in (2) is the number of units installed. 
♦♦One unit operating, one unit stand-by 


Basic Assumptions: 

o Solar Cell Panels 


o Batteries 


7 vatts/sq ft at end of mission. 

1.5 lbs/sq ft including extension andorientation 
mechanisms and support structure. 

Sealed, rechargeable silver-cadmium 
18 WH/lb nominal rating. 

35 percent depth -of -discharge maximum. 

1 year operating life. 
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the d.c. power output (no lead to full load) from 2 C to 3- ; volts with input 
voltages which vary fror. the end-of-discharge battery voltage (S' 7 volts) tc the 
solar par* 1 output volt am*- at the end of battery' charge (Up volts). 'Two d.c. -to- 
ft. c. 3tatic inverters, or.e operating and one non operating standby, are connected 
to the regulated d.c. bus. These inverters provided regulated ! O0 cycle, 2 -phase , 
115/200 volt a.c. power. 

All switching for control and protection of the electrical subsystem is automatic 
with manual override- capability. The indivic ral loads are. connected to the buses 
through manually activated circuit breakers. 

Although tie solar cell/battery electrical subsystem has been tentatively selected 
for the Mode HID concent, a more detailed subsystem optimization ar.d trade study 
may show that a system utilizing a radioisotope energy source is the optimum choice. 
Preliminary est locates indicate that the RCA thernioic system using a FIT-233 radio- 
isotope heat source (PU-233 has a half-life o: 90 years) would have the following 
advantages: 

An estimated system weight of 200 pounds less than the solar cell/battery 
concept. The isotope /thermionic source would weight approximately 375 
pounds Including shielding to limit radiation levels to 10 millirem per 
hour at one meter. Rechargeable batteries used to supply peak never are 
estimated at 300 pounds. The remainder of the subsystem would be approxi- 
mately the same as the solar panel concept. 

The isotope system does not require orientation and does net require external 
components such a3 large solar panels. This will minimize disturbing torques 
on the I£T end appreciably reduce the stability problem. 

The greatest disadvantages of the radioisotope concept are handling, safety, and 
availability of sufficient quatities of the radioisotope. 

5 . 6.3 Propulsion 

Propulsion subystes are used on the MOT for initial rendezvous, docking, orbit 
keeping, pt-ti-.n keeping, and control moment gyro desaturation. 

The initial ndezvous requires propulsion to maneuver the MOT from a phasing 
orbit to the 250 NMi orbit of the M0RL. The Saturn IB launch vehicle is used to 
piece the MOT in the elliptical phasing orbit which has an apogee of 250 KMi . The 
AV required for this Hchmann transfer or orbit injection maneuver is 3$0 fps. The 
docking maneuver requires propulsion for both attitude control and small orbit 
changes. The required for this maneuver is 20 fps which is sufficient to per- 
form a terminal rendezvous and docking for vehicle orbital separations of one 
nautical mile. Orbit keeping and station keeping propulsion requirements are the 
same, except for the frequency of applied impulses. Station keeping is required 
in a two-vehicle system and tlie vehicle with the lower ballistic coefficient is 
boosted periodically to keep within a mile distance of the other. The propellant 
required to orbit-keep the ?X)T for one year is 575 pounds based on a propulsion 
efficiency of 300 I s p. The operation performance analysis for establishing the 
rendezvous, docking, and orbit-keeping propulsion requirements are presented in 
the Operations section of this report. The Propellant requirement for desaturation 
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of the MOT control moment gyros, defined in the studies on attitude ic ?•->! 
pounds per year. 

Except for the initial rendezvous, all other propulsion requirements can be 
handled by a reaction control Jet (RCJ) subsystem using variable thrust engines 
(4-UO lb thrust). The initial rendezvous A V of 380 fps requires a higher thrust 
to weight radio than the other requirements and the thrust must be high enough to 
keep the engine burn time within reason. Two 1000- pound-thrust engines were 
selected for this function. 

Similar propulsion systems are used for both operational concepts of the MOT. 
Model No. 9bQ-hlC (Soft Global Concept) requires initial rendezvous, docking, and 
control moment gyro desaturation. Model No. in which the ?5G? normally 

operates separated from MORL, has these same requirements except the number of 
deckings are increased and MOT must perform its own orbit keeping function. 

5. 6. 3.1 System Selection and Description 

The following are the propulsion systems used in the MOT configurations and 
weight statements for each of the operation functions. 

Initial Rendezvous 


Rendezvous Engines 
Rendezvous Propellant 
Attitude Control Propellant 
Acceleration Capability 
ACS Authority 
Rendezvous Burn Time 
Rendezvous Engine Weights 
Reaction Jet Burn Time 

Rendezvous From One Mile 


2 — 1000- lb-thrust units 
1000 lbs 
20 lbs 

2.75 ft/sec2 

l*/sec2 

2.3 minutes (within present SQA) 
20 lbs ea. 

45 aec/engine 


This maneuver can be feasibly handled by either the initial rendezvous engines or 
the RCJ subsystem. The estimated propellant is 12 .Ibs/rendezvous.- 

Docking 

For major repairs the MOT is to be cooperative ly docked to the MORL. Control is to 
be initiated by the MQRL-based crew, but the docking actuation is aboard the MOT. 
This is not expected to cause difficulties as it is substantially the same situation 
as when the pilot is aboard the maneuvered vehicle when low control authorities are 
used. Figure 5.6-0 shows a plot of useable 2 v.trol authorities as developed and 
reported in Boeing docking studies, based on uncoupled control and equal authority 
in all angular and linear degrees of freedom. In order to maximize the compati- 
bility between the docking, orbit maneuvering and CMG desaturation requirements, 
the MOT-RCJ authority is selected as shown in Figure. 5*6-8. For this type system, 
the worst case docking conditions are as follows: 

Pitch angle +10* 

Pitch rate l»5*/sec 
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Yaw angle 
Yaw rate 
Roll angle 
Soil rate 

Y axis offset 

Y axis rate 

Z axis offset 
Z axis rate 
X axis rate 


+ 10 * 

1.5°/3ec 

+ 10 ° 

1.5° /sec 
12 in 

0.75 ft/sec 
12 in 

0.75 ft/sec 
1.5 fps 


Figure 5*6-9 shows the implementation cf these requirements. The engines are ICil 
throttleable type which meet all RCJ requirements except rendezvous. The details 
cn this system are: 


Engine size 


Weight/engine 


Propellant required 
3 ft/sec 
6 0 °/sec 

Lever arm pitch 
yaw 
roll 

Total burn time 


Control authority 


Orbit Keeping 


*4 -to lb variable 
16 required 
2.5 lbs 
300 sec. 

35 Ibs/docking 


15 ft 
15 ft 
7 ft 

6o sec /engine /year 
(pulsed mode) 

Pw. 1 Figure 5*6-9 


Oribt keeping propellant, 575 pounds for one year, can be supplied entirely by the 
M0T-RCJ subsystem. The operation can be per f erred without reorientating the MOT 
by the MCRL computer resolving the required velocity correction vector onto the 
MOT control axes, and determining the proper thrusting times. 

Station Keeping 

To keep the MOT and MQRL uithin one mile of one another, periodic corrections must 
be made. Ferfcrmance analysis indicates, as a worst case, these will be 0.29 fps 
corrections every 9 hours. Since the vehicle decaying fastest is to be corrected, 
no additional fuel over that fer erbit keeping is required. This essentially means 
the orbit keeping corrections will be made in small increments. With the small 
control authorities available- ( 0.01 ft/set: 2 ), this is favorable to system opera- 
tion (high engine life and I S p). 

CGM Ifcsaturaticn 


The thrust levels of the low authority (U pounds) system are adequate for this task, 
and the propellant (700 pounds /year) can be supplied by the MDT-RCJ subsystem. 

Propellant Supply 
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ENGINES 

FIRED 

t ■ 

! 

DOCKING ’ STATION KEEPING 

J 

Pontrol AuthorityControl Authority 

DE SATURATION 
Control Authority 

+ BOLL 

3, 13 

i 1,59* /SEC 2 

1 

1 ~~ 

0.159* /SEC 2 

- BOLL 

\ 

v-n 

H* 

1.59* /SEC 2 

... . 

0.159* /SEC 2 

+ PITCH 

2 , 8, 12 , lk 

0.76* /SEC 2 


.076* /SEC 2 

- PITCH 

16 , lo, U, 6 

0.76* /SEC 2 

• — 

.076* /SEC 2 

♦ YAW l, 9, 7, 15 

1.03* /SEC 2 

I 

0.103 ‘/SEC 2 

t 

- YAW 1 3, n, 5 , 13 

1.03* /SEC 2 

«»«■ at 

0.103* /sec 2 

i 

+ X 

8, 16 

0.11 FT/SEC 2 

0.011 ft/sec 2 

f 

- X 

k, 12 

0.11 FT/SEC 2 

1 0.011 ft/sec 2 

— 

♦ Y 

1, 13 

0.11 ft/sec 2 

I 

0.011 ft/sec 2 

--- 

- Y 

3, 15 

0.11 ft/sec 2 

0.011 ft/sec 2 

— 

+ 2 

10, Ik 

0.11 ft/sec* . 

I 

0.011 FT/SEC 2 

— 

- Z 

2, 6 

0.11 ft/sec 2 j 

0.011 FT/SEC 2 



FIGURE 5 

.6-9 MOT CONTROL 
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The entire HCT-RCJ subsystem can thus be supplied from a central propellant 
storage supply. The total requirements for 180 days are tabulated be lev: 


Propellant Req.jired/Year 

Rendezvous (initial) 

Rendezvous (Prom 1 mile) 1 req’d 
Docking (5 

Orbit Keeping; 

CMG Desaturation 
Total 


Required Storage Volume 

Fuel 14 

Oxidizes IT 

Tankage and Pumping Estimate 210 

Engine Weights 80 


Model No. Q4B.1.1C Model No. 

935 lbs 1017 lbs 

12 (4 req’d) 48 

35 (5 req’d )175 

— — 287 

350 350 

1332 1877 


req'd) 


ft3 

ft3 


lbs 

lbs 


The above propulsion propellant requirements are shown for l80 days to coincide 
vith an essumed resupply cycle and sizing tankage that could reasonably be installed 
on the MOT configurations. It should be noted that the propellant weights represented 
for the first 180 daye of operation includes that used only in the initial rendezvous. 
The propellant tankage for this initial rendezvous was divided into two modules and 
mounted adjacent to the 1000-pound thrust rocket engines. 


The propellant tanks for the RCJ subsystems were also divided into two modules and 
located at the CO of the MOT. This arrangement locates the tanks midway between 
RCJ engine clusters and results in minimum CG shift vith propellant usage. Minimum 
CG shift is a very important factor for Model No. 948-41C as Increased displacement 
of CO with respect tc girab&l axis Increases the disturbance torque imposed by the 
spring forces. All propellants were assumed to be N^O^/Aerozene 50 and the I sp k 
300 . 


Propellant weight requirements established for the shuttle in Model No. 948-430 are 
based on the same pr^e Hants and the rendezvous & docking AV's used for MOT. 

5. 6 . 3 . 2 Conclusions 

No major problem areas are anticipated in either of the propulsion systems. The 
burntime requirement;- (23 hrs/year in pulsed mode) are outside the present state of 
the art. Materials advances are expected to overcome this limit, however. Should 
these advances not take place, this simply' implies more frequent engine replacement. 

5. 6.4 Environmental Control 

5.6.4. 1 General Description 

In the environmental control system description which follows, references to the 
MORL system apply also to shuttle vehicle ECS except as noted. Means will be pro- 
vided for pressurization of the MOT dabin during periods when manned occupancy is 
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necessary for equipment ad.'/jr/.r.vrit . 
vith th'* MC>!-;L during this op.- rat ion 
employed. A cor. liny, system cn board 
environment for instruments and cqui 


The } TC cabin will be openly interconnected 
enc the MCRL prc ssurizat ion system vili be 
the V.'JI vill provide a controlled tenrerattre 
pme nt . 


Th.e principal ground rules for the environmental control system: 

1. The MOT shall contain its own independent temperature control system. 

2. Pressurization during manned occupancy shall be provided by the MC?L 
(or shuttle vehicle) atmosphere supply system and the MGT cabin shall 
operate unpressurized during observational periods. 

3 . The MOT cabin atmosphere shall match the MCRL atmosphere; namely, 
oxygen; 50 $ nitrogen; 7*0 psia; 535 + 5 °R; 50 /; relative humidity; C 0 - 
partial pressure, 4 mm Hg nominal, 6 nnr Hg maximum. 

4. The KOHL carbon dioxide, moisture, and contaminant control systems shall 
be utilized for atmosphere conditioning. 

5 . Emergency gaseous atmosphere supply for one pressurization shall be pro- 
vided in the MOT cabin. 

6 . The J-SOT cabin volume is 1400 cu. ft. 

7 . The leakage rate shall not exceed 0.25 lb. per hr. at 7*0 psia. 

8 . The MOT cabin shall be depressurized for making observations. 

9 . For the 9^8-^lC MORL soft ginbal concept, provision will be made for 
access approximately 100 times per year from the MORL to the MOT cabin 
throug : a transfer tunnel located cn the- MORL. For the shuttle vehicle 
configuration, access will be provided 15 tines during each shuttle vehicle 
mission through an airlock on shuttl vehicle; and the MOT may dock vith 
MORL U to 8 tiroes each year for major 1 intenance. 

5 . 6 . 4.2 Pressurization System 

Provision should be made tc recover the cabin gases since otherwise approximately 
47.3 lb of expendables would be required for each repressurization. A system 
employing a three stage compressor with jacketed compression stages and interced- 
ing between stages is proposed to compress the gases to 500 psia. Assuming a one 
hour repressurization tine, the compression flow is approximately 56 CFM. the esti- 
mated peak compressor power is 7*25, and the total energy required is 4.5 Kw hr. 

The cabin is pumped down from 7*0 psia to 0.7 psia and the compressed gas stored in an 
18.0 cu. ft. accumulator at approximately 520 psia. An oversized compressor and 
accumulator on the MORL could be employed which would serve this requirement as 
well as other MORL airlock operations. To conserve weight on the shuttle vehicle, the 
compressor and accumulator for this application could be located in the MOT cabin. 

For the 9**8- ll 10 MORL soft gimbal concept, access to the MOT cabin is achieved as 
follows: The transfer tunnel flange is coupled to the MOT cabin hatch. The trans- 
fer tunnel is then pressurized. The MORL hatch is opened allowing access to the 
transfer tunnel interior. The MOT cabin vent to space is closed. Coupling is 
made with the MOT pressurization line and the MOT cabin is pressurized from the 
accumulator with the addition of 10 per cent make up gases to bring the MOT cabin 
pressure to 7.0 psia. Th? MOT hatch is then opened allowing access to the pressurized 
MOT cabin. Egress from the MOT cabin is achieved by a reverse sequence of operation. 
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A cabin fan is provided to maintain circuIatiM* in th* MCT cabin 
cabin ex)au 3 t $ase3 arc then ducted to th*- MOKL air purification 


end the 

system. 


MOT 


During depressurization and repressurizetion special precautions must be taken 
to prevent moisture condensation in the instrumentation and optical system. A 
replaceable silica gel dehumification canister may be required in the vent passage 
between the interior of the instrumentation console and the cabin. 


For ur.pre ssurized operation, the maintenance cf pressure levels that will preclude 
corona discharge problems or the cold welding of faying metal surfaces must be 
studied. 


5.£.k.3 Cooling System 


Conditioning ar.d temoerature control of the MCI cabin atmosphere is provided by 
the MC.RL cabin atmosphere conditioning system. Precise temperature conditioning 
of instruments and equipment in the MCT cabin is achieved by thermally insulating 
the instruments from the cabin and regulating the equipment temperature with liquid- 
cooled cold plates installed on the instrument platen. Additional temperature 
regulation may be obtained with thermostatically controlled heaters; if required. 
Instruments that will require close temperature control (530 + 0.1° R) are the 
high dispersion spectrograph and the high dispersion ultraviolet and infrared 
spectrometers , Other instrumentation such as the photomultiplier tube will require 
special cooling provisions because it operates most efficiently at about 350°R. 
Infrared sensors may require refrigeration to temperature levels as low as 8°R. 

A closed cycle helium system employing regenerative cooling with a multistage 
expansion turbine is under development for achieving this temperature level with 
f lightweight equipment. 

The liquid coolant would be cooled in a space radiator installed cn the cylindrical 
portion of the cabin exterior. Approximately 70 sq. ft. of radiator surface per 
KW of heat dissipation is required. For better temperature regulation of the 
electrical equipment coolant loop it appears desirable to provide a separate radiator 
loop for the compressor coolant system. The use of redundant coolant loops would 
also provide added meteoroid. protection. A suitable coolant such as an ethylene 
glycol - water mixture that will not freeze during periods of low heat rejection 
must be used. 


Conclusion 




The cabin pressurization and thermal control systems for the MjT cabin appear to be 
veil within the projected state of tl« art for the MOT launch date. However, the 
transient effects of the operation of such control systems on attitude stability 
should be studied. The precise dimensional control required for the instrument 
platen and optical system will warrant a more detailed thermal and distortion 
analysis when the design configuration is better defined. The developmental pro- 
gram may also include the laboratory testing of an instrumented platen for a final 
pre flight verification of the optical system. 
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